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ABSTRACT

The thermal activity in Iceland is grouped inte
two groups, the low-temperature and the high-teﬁperature
activity, in accordance with the temperature at the base
of the circulation systems. The low-temperature activity
includes those thermal areas where this temperature is be-
low 150 °C. The high~-temperature activity includes areas
with a higher temperature. The concentration of free 002
in the spring gases and the concentration of dissolved S5i0p
in the thermal water furnish information about the base
temperature. The isotope ratios D/H and 618/016 are indi-
cative of recharge areas and the general pattern of flow.
Temperature conditions in near surface layers are studied
by the electric resistivity methods. The total heat trans-
ported by the low-temperature activity is estimated at 0.2
to 0.3x109 cal/sec and by the high-temperature activity aﬁ
0.3 to l.5x109 cal/sec. Temperature conditions in 3 non-
thermal wells in Iceland are studied and corrected for var-
ious effects, mainly the heavy erosion during the Pleisto-
cene. The outward conduction of heat in Iceland appears to
be of the order of 3 to le()'6 cal/sec cm? which is 2.5 to
L times the normal. The abnormal conduction flow appears to
be the main source of energy for the low-temperature activi-
ty whereas large volcanic intrusives of recent origin ap-
pear to supply the high temperature activity. The abnormal
conduction flow may be caused partially by large magmatic

intrusives in the upper 10 to 20 km under Iceland.
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I. INTRODUCTION

Natural heat has in recent years become a relative-
ly important source of energy in Iceland, Italy and New Zea-
land. The development in Iceland which was initiated 30
years ago has centered around the utilization of natural
hot water and steam for the purpose of domestic and indus=-
trial heating. The generation of electricity has been the
topic of main interest in Italy and New ﬁealand.

Around 1/4 of the population of Iceland now lives
in houses heated by natural heat, and there are good pros-
pects that this ratio can be increased to 1/2 or even more
within the next 10 to 20 years. In Italy, natural steam al-
ready generates 2xlO9 kwh of electricity per year.

The efficient development of this natural resource
is possible only on the basis of an understanding of the
main geological and physical characteristics of the thermal
areas. In all three countries a certain effort has been
devoted to the exploration of these areas. Although the
basic practical problems are similar, the main lines of
research have differed somewhat mainly because of different
geological, geographical and economical conditions. The
greater variety of thermal phenomena in Iceland has required
a somewhat more general approach.

| Important studies of thermal activity have been
made in the U.S. by Allen and Day (1), and White and colla-
borators (2)(3). Furthermore, in Mexico by L.de Anda (4), in
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Italy by Mazzoni and collaborators (5), and in New Zealand
by Grange and collaborators (6).

The work in Iceland has been carried out with es-
sentially practical aims, that ié, the aim of deriving gen-
eral methods of estimating the total capacity, durability
and the most economical pattern of exploitation of the in-
dividual thermal areas of the country. This work consists
of theoretical studies and field exploration of the energy
balance and structufal control of the individual areas.

The purpose of the present paper is to present
some of the more important genefél aspects of the results
obtained so far in Iceland by the writer and under his super-
vision.

As in the case of most other exploration work, the
studies in Iceland consist of an%integratihg inference from
geological and physical data from different sources. There-~
fore, the first part of the present'paper is devoted to
those observable characteristics of the thermal areas that
are helpful in the deriving of an integrated three-dimension-
al picture. This includes also an estimate of the total
heat flow dissipated by the thermal activity in the country.

The second section of the paper is devoted to a
studﬁ of the energy balance of the thermal activity and
the subsurface temperature conditions in Iceland. An es-
timéte of the total heat flow transported to the surface
by conduction is given, and the genetical relation of this

factor to the thermal activity is discussed.
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The third and last section is devoted to a dis-
cussion of some of the problems of the general terrestrial
temperature field in Iceland.

In order to facilitate the following discussion,
a few remarks will be made about the geology of Iceland,

and a few useful definitions will be listed.

Geology of Iceland

There is a considerable literature on the geology
of Iceland, but the more recent works of Kjartansson (7),
Einarsson (8), and Barth (9), give an adequate picture of
the main conditions. Only few remarks will be made here.

Iceland (103,000 km?), is considered to be a
part of the great Thulean flood basalt area, parts of which
are found in Eastern Greenland, Northern Ireland, Western
Scotland, on the islands in the North Atlantic, and in the
adjacent arctic region. With the exception of more recent
parts in Iceland and in the surrounding region, most of the
Thulean plateau is believed to be of an early Tertiary age.

Following a relatively long period of quiescence
after the formation of the main plateau, the volcanism in
Iceland resumed its activity probably.at the end of the Ter-
tiary. Conspicuous formations have been built up by the
late Tertiary and Quaternary voléanism. The post-Glacial
activity has been confined to an area which covers only |

about 1/4 to 1/3 of the total area of the country.
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The uppermost section of the basalt plateau of
Iceland is composed of lava having a somewhat lighter color
than the deeper sections. This section which usually has a
thickness of 300 to 400 meters, is usually defined as the
grey section. Its top is an erosional peneplane.

The grey section is underlain by a sedimentary
section of a variable thickness up to 200 meters. According
to Peturs {(10), these sediments contain glacial deposits
and this author and some later geologists have therefore
maintained that the grey section was of a Pleistocene age.

This result has been questioned by Einarsson (11)
and others partially on the basis of the extensive denuda-
tion and dissection of the plateau. Further recent geolo-
gical evidence, mainly the finding of thin layers of lignite
in the grey section (personal communication by Kjartansson),

appears to favor a Tertiary, possibly late-Tertiary age
of the grey section. The glacial deposits found by Peturs
could possibly be the result of a pre-Pleistocene glaciation.

On the other hand, recent paleomagnetic studies
by Hospers (12) and by Einarsson and Sigurgeirsson (personal
communication by Einarsson), have revealed a reverse magne-
tization of the entire grey section. The indications are
that the section belongs to the last period of reversed
magnetization. In view of the most recent data on paleo-
magnetism, this could indicate an age of the grey section
of one-half to one million years and date the formation

back to the Pliocene-Pleistocene boundary.
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There are no reliable data on the total thickness
of the Icelandic plateau. Earlier estimates of the eastern
section amount to 3 km, but more recent data favor higher
figuéas for this part at least. The conditions in the west-
ern and southwestern sections are less clear and all that
can be inferred from geological observations and shallow
drilling is a minimum thickness of 2 km. Geologists gener-
ally favor higher figures but without clear evidence.

The plateau of Iceland is heavily dissected and
cut by a great number of fractures and faults. The volcan-
ism and the thermal activity are obviously controlled by
some of the major faults.

There are definite indications of a pre-Tertiary
volcanism in the North Atlantic region. Richey (13) re-
ports that Scotland has been subjected to recurrent vol-
canism since the beginning of the Paleozoic and Mesozoic

volcanism has been found on Spitzbergen.

Definition of the Hydrothermal System

A hydrological system which includes the sub-
surface percolation and heating of meteoric water will,
in the following, be defined as a hydrothermal system.

A hydrothermal system consists of (1) zones of in-
flow and downward percolation, defined as the recharge area,
(2) zone of subsurface percolation and heating, defined as
the heating zone and (3) zones of ascent and outflow, defined

as thermal areas. The term thermal area will be applied to
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each individual zone of upflow and outflow. Accordingly,
a hydrothermal system may generate many thermal ‘areas.

Systems that are generated by dikes and faults
will in the following be defined as linear systems.

Two temperature data are of main importance, that
is (1) the maximum temperature of the water percolating in
a system and (2) the temperature of the water as it resumes
the upward movement into a thermal area. The latter figure
will be defined as the base temperature of the thermal area.
This figure may be equal to the maximum temperature or other-
wise lower. Other important figures are the total flow of
water in a hydrothermal system and the total flow that en-
ters a thermal area. The latter figure will be defined as
the total flow of the thermal area.

Extending a classification given by White and
Brannock (3), thermal systems will be classified as follows
in accordance with the nature of the heat source.

Thermal systems will be defined as (I) normal if
the heating zone is located within subsurface regions of a
normal outflow of terrestrial heat and hence normal tempera-
ture, and (II) abnormal if the heating zone is located in
regions of abnormally large outflow of heat and abnormally
high temperatures.

The second group is divided into three subgroups,
(II.1) the non-volcanic abnormal systems where the abnormal
conditions are not the result of volcanic activity, (II.2)

intermediately volcanic if the abnormal heat flow and tempera-
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tures are mainly the‘result of nearby intrusions of magma
and (II.3) direct volcanic if the heat of the circulating
water is mainly derived by an intermixture with ascending
magmatic water.,

On the other hand, the term magmatic water or
gas will be used only for matter that is derived directly
from molten igneous rock. Water or gas of magmatic origin
but confined in solid intrusives and their surroundings,
will be defined as igneous water or gas.

Permeability conditions in the basalt plateau of

Iceland

The basalt plateau is composed of a great num-
ber of lava flows of a thickness ranging from 10 to 50
meters or more. The bulk of each flow, mainly in the low-
er sections, appears relatively impermeable. A certain
small horizontal permeaﬁility is provided by the thin lay-
ers of scoria at the top and bottom of each lava flow.

The vertical permeability of the unfractured
parts of the formation appears negligible. The main ver-
tical passages are furnished by the faults and the dikes
which are quite ndmereus in many parts of the country.
These structures which appear to cut through the whole
formation, are the main structures controlling the circu-

lation of water,
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I7. THERMAL ACTIVITY IN ICELAND
Thorkelsson (14)(15)(16)(17)(18), and Barth (9),

have given fairly detailed descriptions of the local mor-
phological and chemical characteristics of individual ther-
mal areas in Iceland. Einarsson (11) on the other hand,
confines himself to the local activity in northern Iceland,
but presents a more comprehensive treatment of the geolo-
gical and physical problems involved in this part of the
country.

The following discussion will center around the
more recent results obtained by the writer. The field
data applied inc&ude those obtained by the writer or under
his supervision, as well as a few of the earlier field data.

Earlier authors have classified the thermal springs
as alkaline or acid aécording to the pH data of the water
issued. This has led to a more genéral classification of
the entire thermal activity in Iceland into the so-éalled
alkaline and acid activity. This classification,which is
based on a local chemical property of the water, appears
somewhat confusing and will not be applied in the following.
There are, on thé other hand, strong geological and physical
reasons for a two-~-group classification.

It appears more suitable to classify the individual
thermal areas on the basis of one of the most important quan-
tities involved, that is, the base temperatufe. There are,

of course, some objections to the use of a quantity that is
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not directly observable, but these difficulties do not ap-
pear too serious.

In a great number of cases, there is adequate in-
formation for the classification purposes, and the diffi-
culty‘may furthermore be avoided by the application of a
suitable geochemical thermometer.

We are, at this junctﬁre, not so much interested
in the temperature itself as in its physical and chemical
effects. As will follow from the discussion below, there
are definite indications that the base temperature is one
of the main factors controlling the leaching of free CO,
and Si0O, from the country rock.

The procedure that will be followed in the pre-
sent paperkconsists of the application of the concentration
of CO, in the spring gases and the concentration of 5i0p in
the thermal water as thermometers in the cases where there
is no definite information on the temperature itself.

As will be shown below, the rate of leaching of
CO, is generally negligiblé at base temperatures below 100°C,
The rate becomes noticeable as the temperature exceeds 100°¢
and increases rapidly with increasing temperature.

The amount of Si0O, found at base temperatures be-
low 100°C is generally below 120 p.p.m., but at 200°C it
has increased to more than 400 p.p.m.

In accordance with these and other observations,
the classification will be carried out as follows. Areas

“where the base temperature is directly observed to be be-
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low 150°C will be classified as low-temperature areas.
Areas with higher base temperatures are classified as high-
temperature areas.

In the cases where the base temperature is not
directly observable from well-data or other means, the
amount of CO, in the spring gases will be used as a ther-
mometer. The upper limit for the low-temperature areas
will be put at 5% by volume of COp. Where there are no
data at hand on the composition of the gas, the amount of
Si0, may be used as a tentative thermometer, and the limit
for low-temperature areas put at 200 p.p.m.

The field data obtained so far appear to indicate
that there are only few thermal areas that have base tempera-
tures in the range 150°C to 200°C. This gives a rather clear
distinction between the two groups.

The classification is uncertain in some relatively
few border-line cases which have to await the collection of
further field and laboratory data. On the other hand, it
appears consistent with the general geologiczl and geograph-
ical distribution of the thermal areas which is a matter of

main importance.
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(II.1) The low-temperature areas

Geography and geology

There aré in Iceland around 250 thermal areas that
appear to belong to the low-temperature group. Nearly all
of them are located in the lowlands and valleys of the south-
ern, western and northern regions of the country. Very few
are located in the central regions and only three minor areas
are located in marginal areas of the eastern region. The
elevation of the areas is generally below 70 meters.

A great part of the major low-temperature areas
are apparently connected to 8 or 9 major hydrothermal sys-
tems as shown in Fig. 1. These systems will be defined
as H(I) to H(IX). Six of these are located in the south-
ern regions, one in the western and one or two in the north-
ern regions of the country. There is probably one addition-
al major system on the northwestern peninsula, but the con-
ditions in this part of the country have not been studied in
detail,

H(I) to H(VI) in southern Iceland are character-
ized by a clear aliﬁement of the individual thermal areas
ranging over distances up to 50 km. The systems are para-
llel to the general tectonic lines in this part of the

country.
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H(I) and H(II) have apparently no direct connec-
tion to post-Glacial or late Quaternary volcanic centra al-
though these lie within a distance of less than 30 km mea-
sured perpendicular to the strike.

| H(III) and H(IV), on the other hand, run directly
through centra of post-Glacial volcanism. Furthermore,
the systems H(V) and H(VI) if extended to the southwest,
also run through such centra.

The extent and the clear connection to the gen-
eral’tectonic and volcanic lines are strong indications that
the hydrothermal systems are controlled by major fault sys-
tems of repeated movement and activity. A slight scatter in
the alinement of the individual thermal areas indicates that
the systems are not controlled by a single major fault, but
by a series of close parallel faults.

Except for the thermal activity, there are no major
features that distinguish the hydrothermal faults from other
major fault systems of the area. A general gravity survey
carried out by Einarsson (19, 53) failed to reveal majdr
gravity anomalies associated with these faults. Magnetic
surveys by the writer have also failed to reveal general
anomalies. These results do not exclude minor anomalies.

H(VII) deviates from H(I) to H(VI) as it appears
to be controlled by a swarm of dikes (Einarsson (1!). This
system generates two of ihe most voluminous hot springs in

Iceland. It has no direct connection to post-Glacial or
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late Pleistocene volcanism but a small cone of recent act-
ivity is located within a distance of 15 km.

H(VIII) in northern Iceland, which extends for
about 90 km, is of a similar type as H(I) and H(II). There
appears to be no connection to post-Glacial or late Pleisto-
cene volcanism. H(IX) is of a more doubtful nature and ap-
pears to be a borderline case.

In addition to the major systems, there are minor
hydrothermal systems mostly controlled by individual dikes.
This is the common situation in Eyjafjordur in the northern

regions.

Surface temperature and flow

According to the measurements made on behalf of
the National Research Council of Iceland (20) in 1943 and
1944, the total integrated flow of all low-temperature areas
is around l.5x106 cm3/sec. The total heat transported by
the water, measured above 0°C, is around 1.12x108 cal/sec
giving a mean temperature of 75°C.

The natural flow has been augmented by some
6x10° cmB/sec from drilled wells having a mean temperature
of 87°C. This water is generally produced from the depth
of 100 to 500 meters., |

The total flow, maximum surface temperature and
the flow of the largest individual springs of the systems
H(I) to H(IX), are listed in the following Table I.

The flow of some springs is not constant and the

figures in the table are to be regarded as round figures.
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TABLE I

Surface Flow of the Major Low-Temperature Hydrothermal Systems

System Total Natural Maximum Surface Largest Spring

Flow Temperature
H{I) 52x103 cm3/sec 100°¢ 20x103 cm3/sec
H(II) 140 100 65
H(III) 60 100 40
H(IV) 70 100 40
H(V) 120 83
H(VI) 12 87 10
H(VII) 400 > 100 250
H(VIII) 70 89 9
H(IX) 145 - 100 27
Sum 1,069x103 cm3/sec

There is a remarkable correlation between the sur-
face flow and the temperature of the springs. This holds
for the low-temperature activity as a whole, but is probably
most pronounced in the case of the many small thermal areas
in the northern regions. This is shown in Fig. 2.

The temperature interval from 20°C to 100°C is
divided into 8 intervals of 10°C each. The individual ther-
mal areas in the northern regions are then grouped into the
intervals according to the maximum surface temperature in
each area. The mean value of the total surface flow of the
thermal areas in each interval is computed and shown in

Fig. 2 as a function of the temperature.
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This correlation between the mean flow and the
surface temperature of the low-temperature areas suggests
that the two phenomena are of importance. Firstly, the ther-
mal water ascending to some of the areas is cooled appre-
ciably by the conduction of heat from the channels of flow.
Secondly, some kind of convection is involved at least in
the case of the major areas.

Well-Temperatures and Artesian Pressure

Séme 300 wells have been drilled in about 40
thermal areas in Iceland. Although only few wells exceed
the depth of 500 meters (max. depth 760 m), a considerable
amount of temperature data and related information has been
collected.

The vertical temperature distribution in the major
thermal areas is generally characterized by a boundary layer
at the surface with a steep temperature gradient and over-
lying a section of approximately constant temperature. The
boundary layer is due %o the effect of the surface on the
temperature field and may be a few tens of meters thick.

The temperature in the lower constant section is approxi-
mately equal to the temperature of the ascending water.

The minor thermal areas are generally much more
localized and contain practically no section of ceonstant
temperature.

The measurement of the shut-in pressure of flowing
hot-water wells has generally revealed an artesian pressure

ranging from a few meters up to as much as 50 meters. This
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pressure appearé to be related to the base temperature and
increase with the temperature. Cold artesian water has
never been observed in wells in Iceland.

The arteéian pressure is a phenomenon of great
practical importance as the recovering of unconfined hot
water by pumping would present difficulties. All intercon-
nections with adjacent channels containing cool or cold ground
water would have to be sealed but this may be quite difficult
and in some cases a prohibitive task.

An important observation is that the artesian
pressure is generally confined to the basalt plateau and is
apparently substantially higher in the early Tertiary parts.
The thermal water generally loses the pressure upon enter-
ing surface layers of sedimentary or late Quaternary vol-
canic origin.

The presence of the artesian pressure again sug-
gests that some kind of convection may be involved in addition
to a hydrostatic head. Furthermore, that the channels in the
basalt plateau through which the water ascends have relatively
impermeable walls. The pressure and this condition tends to
counteract intermixture with local surface water.

The imprescsion is that the ascending thermal water
tends to seai off the channels by depositing silica, zeo-
lites and calcite in the fractures in the walls.

Cooling of the Ascending Water

The water ascending through the basalt plateau and

the surface layers suffers cooling in three ways, that is,
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by (1) conduction of heat from the channels, (2) intermix-
ture with cold ground water, and (3) self-evaporation in the
case where the base temperature is above 100°C.

Cooling by conduction is suggested by the mean-
flow-temperature relation as shown in Fig. 2. The tempera-
ture increases with the mean flow and the relation appears
roughly linear below 60°C.

A very rough quantitative picture (Bodvarsson (21) )
of the situation can be obtained in the following way. We
will assume a thermal area with the base temperature Ty where
the water ascends through some natural channels in the basalt
plateau. The normal temperature at the depth x is assumed
to be gx where g is the constant gradient. The temperature
of the ascending water is T. |

We will now make the simplest assumption that the
heat lost per unit time and unit dépth by the ascending water
can be written k(T - gx), where k is assumed to be a constant.
This is a simplification for the purpose of estimation, as k
will at natural conditions depend on the depth, size and form
of the channels and, furthermore, on the amount of leakage
from the channels.

If steady state conditions are assumed and Cp is
- the specific heat of the water and q the flow per unit time,

the following differential equation is obtained,

cpq dT/dx = k(T - gx) (1)
which by the condition T = Ty = gH at the base depth at

x = H has the solution,
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7'=9k+//-e _"/”-k//éﬁ?/ %ﬁ.ﬂ (2)

The temperature at the surface is found to be

7;=7;[/—e '*”/‘7’7)%— (3)

This result can be simplified in the case where the flow

is small and we obtain for small g

Tg = gcpa/ke. (&)

This implies that the surface temperature of small springs
should be independent of the base temperature and be a lin-
ear function cf the flow. This appears to be in accordance
with the results in Fig. 2.

From Fig. 2 and.equation (4) we are able to esti-
mate the’value of k in nature. By putting g = 103 °C/cm, *
we find k = 0.034 cal/cm °C sec which should represent a
rough average for the small springs.

The figure k can also be estimated theoretically
‘on the basis of the hypothesis that most of the cooling is
due to the conduction of heat from the channels. Our prob-
lem is whether this estimate can be reconciled with the ob-
served figure.

The figure k is easily found in the case of a hori-
zontal pipe of infinite length at the depth h and of the dia-

meter d where d << h. The method of images gives (22)

4
ko= 27 K/ /o9 (- (5)

* see page 103
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where K is the constant thermal conductivity of the earth.

As ko depends on the logarithm of the large number
Lh/d, it is relatively insensitive to changes in both h and
d. Furthermore, as d is much smaller than h, the disturbance
of the temperature field due to the pipe is only local. The
above expression (5) is therefore also applicable as a rough
approximatich in the case of the vertical pipe if the depth
h is chosen suitably. By using for basalt K = 0.o045 cal/cm
OC sec and assuming for d a figure of the same order as the
largest horizontal dimension of the channels, that is d =
2.5x103 cm and furthermore; the effective mean depth h =
2.5x10k cm, we find approximately kg = 0.008 cal/em OC sec.
The figure k is thus roughly 4 times k.

There is no doubt that other factors than the con-
duction of heat may influence the figure k. The following
factors tend to increase k above the estimated ko. Firstly,
there are no doubt areas of a low base temperature but a
relatively large flow. Secondly, some of the springs may
be cooled by the intermixture with surface water just below
the spring vent. Furthermore, some areas may be connected
to more than one channel and the channels may deviate con-
siderably from the vertical., Finally, a transient effect
could be of importance.in areas that have undergone recent
changes, for example, an increase in flow.

On the other hand, loss of water in near surface
layers tends to decrease k. This phenomenon is probably main-

ly confined to areas of high artesian pressure, that is, areas
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of higher temperature and is therefore not to be expected
to be a2 matter of main importance in the present case.

A separation of the various factors and a quanti-
tative correcﬁion of the observed k is not possible. But it
is a reasonable suggestion that the discrepancy between the
observed figure and the semi-quantitative estimate can be un-
derstood on the basis of the various other factors that tend
to lead to a highér apparent rate of cooling of the ascending
water. It will therefore be expected that the above result
lends support to the hypothesis that cooling by conduction is
of importance in the case of some of the minor thermal areas.

The result also shows that comparatively large flows,
that is, flows more than 25x103 cm3/sec should be unaffected
by conduction of heat from the channels. From this we may
also infer that high temperature in an area of'relatively
- small flow indicates that thermal water is lost in near sur-
face layers. An important point is that cooling by conduc-
tion does not alter appreciably the chemical or isotopic
composition of the thermal water.

On the other hand, cooling of thermal water by the
intermixture with local ground water is mainly encountered in
surface layers of sedimentary origin. This process alters
the chemical and isotopic composition of the thermal water.

The third way of cooling, that is, cooling by the
releasé.of pressure is encountered in thermal areas where the
base temperature exceeds 100°C. Self-evaporation of the as-

cending water is initiated at the depth where the temperature
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equals the boiling point. From this depth on up to the sur;

face, the temperature of the water will be equal to the boil-
ing temperature provided that cooling by other factors is not

encountered.

Chemical Characteristics. Thermal Water in Normal

Low=-Temperature Areas

Data on the composition of the thermal waters of
Iceland have been collected by the writer and his collabora-
tors. Some 400 samples of water have been analyzed for their
main components.

The following analytical data (1) to (3) in Table
II have been selected as typical for the normal low-tempera-
ture areas. Sample (4) represents a typical com@osition of
the surface water in the plateau basalt areas.

Sample (1) is taken from the largest spring on
H(VII), Samples {(2) and (3) are from small dike-controlled
thermal areas in Eyjafjorour in Northern Iceland. Sample (4)
was collected from a small surface stream in the same region,

The topic of main interest is the dependence of the
composition on the temperature and geological factors.

The total mineral content of the thermal water is
relatively low and exceeds 500 p.p.m. in rare cases only.
Na is the dominant cation and K is generally very low or
absent. The cations Ca and Mg are low and relatively low-

er than in the surface water,
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TABLE II

Composition of Thermal and Surface Water in Iceland

(Analyst:

(1)

Temperature o
of the spring, “C 100

Flow of the

spring, cml/sec 250x10°

Specific resistance,

Ohm m (at 25°C) 26 37
pH 9.0 9.3
Total solids, p.p.m. 361 275
Na 79 55
K , L 0
Ca 5 6
Mg 1 2
Fe 0.25 1.2
€l L8 13
50, 60 L9
F 1.3 0.7
5i0, 128 110
Primary alkalinity, _

millival/l 0.80 0.80
Secondary . |

alkalinity 0.70 0.75

Hermannsson)

(2)

75

(3) (4)

30 5

1.5x103 0.5x103 --

66 69
9.3 7.5
140 105
30 1k
0 0
3 14
1 5
0.2 0.2
8 15
12 10
0.3 0.2
L5 27
0.80 o

0.70 1.15
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The anions are of a greater interest. Table II
indicates quite clearly that the amount of 5i0, depends on
the surface temperature. This is the general case for all
thermal areas. |

This relation is.illustrated further in Fig. (3)
which gives the correlation of S5i0, to the surface tempera-
ture in the case of the low-temperature areas in northern
Iceland. The northern areas’were selected because of their
geological uniformity. In other areas, water of a surface
temperature of 90°C to 95°C contains 100 to 130 p.p.m. of
5i05.

The solubility of silica in water has been stud-
ied by Kennedy (23), Krauskopf (24) and White, Brannock and
Murata (25). The experimental data of Krauskopf show that
the solubility of amorphous silica in distilled water amounts
to approximately 70 p.p.m. at 0°C and 350 pP.p.m. at 90°¢.
Equilibrium is reached within a month or two. The crystal—
line forms of silica have lower solubilities.

The data in Fig. 3 suggest that the silica in the
thermal waters of the low-temperature areas}has been leached
from the country rock, and that a quasi-equilibrium has been
reached in a great number of cases. The ultimate solubility
of silica from the basaltic minerals appears to be 25% to
35% of that amorphous silica.

The possihilities of a quasi-equilibrium are under-
lined by the fact that the Tritium analysis of a few samples

of thermal water from low-temperature areas in Iceland have
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indicated a high subsurface ™age".* The Tritium studies
were initiated by Dr. D. E. White and the Institute for Nu-
clear Studies at the University of Chicago.

A few areas have abnormally high silica, that is,
the eﬁciréled points in Fig. 3. These areas are all charac-
terized by a relatively small flow of 103 cm3/sec or less,
which suggests that the thermal water has been cooled consi-
derably by the conduction of heat from the channels of ascent.
The base temperature of these areas should be considerably
higher than the surface temperature which should explain the
abnormally high silica.

The main result is that the amount of silica in
the thermal water appears to depend critically on the base
temperature of the areas and that a quasi-equilibrium is pos-
sible at least in a number of cases. This fact suggests the
use of the amount of silica in the thermal water as a geo-
chemical thermometer in order to estimate the base temperature.

The data in Fig. 4 show a definite correlation be-
tween the surface temperature and the amount of fluorine in
the thermal water. These results suggest a leaching of the
F anion from the country rock and the use of the F data as
a geochemical thermometer. The amount of F in basalts has
been found to be 200 to 500 p.p.m. (Correns,26) but the
process of dissolving this component has not been studied

in detail.

*gee page 4O






-29-

There are, furthermore, some indications of a
correlation of the amount of the anions Cl1 and S0;, to the
surface temperature and the base temperature. The correla-
tion is, however, less clear than in the case of the silica.

| According to Faber (Rankama and Sahama (27)), ba-
salts from the Faroe Islands contain about 0.2% by weight of
intercrystalline water that contains about 10% by weight of
NaCl and Nazsoh. The leaching of these components is not

excluded but the process has not been studied in detail.

Gases in normal low-temperature areas

There are traces of gases issued by most thermal
areas in Iceland. The composition of these gases has been
studied in detail by Thorkelsson (14 to 18). His results as

to the hot water springs are given in the following Table III.

TABLE III

Composition of Gases from Hot-Water Springs in Iceland

(Analyst Thorkelsson)

Surface temperature No €O, CHA HsS
vol % vol % vol % vol %
below 90°C >99.8 =0.2 0 0
90°C to mild boiling 95.0to 99.7 0.3 <0.5 £0.5
, to 4.0

violent boiling <30 =170 ~0,5 ~2



-30-

Thorkelsson has not measured the relative abundance
of the gases in the thermal water. This has been carried out
by Einarsson (11) in the case of a number of low-temperature
springs in the northern regions. He found figures of 0O.ol
to 0.02 cmlgas/cm> water.

The present writer suggests that the CO, in the
thermal water is the result of the leaching of igneous or
bound CO, from the oountry rock and that this process is
strongly temperature dependent.

Shepherd (28) has found that igneous rocks in gen-
eral contain free gases which are expelled when samples of
the rock are heated in vacuo. Hawaiian basalts were found
to expel 2 to 5 cm3 of gases/gm of rock. About 80% by vol-
ume of these gases was found to be Hp0, 5% to 15% COp, and
the rest being composed of CO, Hpz, Ny, Op, A, Sp, Cl, and Fjp.

The writer has, in collaboration with Mr. Baldur
Lindal, chemical engineér of the State Electricity Authority
in Reykjavik, studied the content of free CO, in Icelandic
basalts. A series of experiments was performed where aboﬁt
1000 gm of crushed basalt of late Pleistoceﬁe age inter-
mixed with 1,750 gm of water was heated in an autoclave.

Each filling of the autoclave was heated at a constant tem-
perature for 15 minutes.

At the end of tﬁe heating period, a sample of
steam was taken from the apparatus and the amount of free
CO, measured by volumetric analysis. The analytical work

was carried out by Mr., Lindal.



These experiments have as yet not been completed,

but the following results in Table IV can be listed.

TABLE IV
Free COp Expelled by Heated Basalt

Temperature during the COzcmB/gm of
heating period of 15 min. rock
50°¢ 0
100 0.053
150 0.093
200 | ‘ 0.155
250 0.273

The last figure in Table IV is of the same order
as the data given by Shepherd.

The data given were obtained on fairly recent ba-
salts and have, therefore, only a semi-quantitative signi-
ficance. But it is demonstrated quite clearly that appre-
ciable amounts of free CO, can be present in basalts and
this may very well account for the free CO, issued by the
low-temperature activity. In fact, the results in Table
IIT and Table IV are parallel.

The gas is probably adsorbed on crystal surfaces
or occluded in intercrystalline spaces. The expulsion is
probably to a certain degree the result of a boiling of the
water with which the gas is intermixed.

The main result is that free COp cannot be expected

in springs having a base temperature below 100°C, Substan-
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tial amounts can be expected only when the boiling point of
water is reached down to a certain depth. For example, at
a base temperature of 150°C, the boiling point of water is
reached only down to a depth of 4O meters. At a base temp-
erature of 250°C, the depth is 400 meters.

The amount of CO, issued by the springs may thus,
in normal cases, be applied as a chemical thermometer for
the base temperature. This has led to the present classi-
fication of the thermal activity where a base temperature
of 150°C has been selected as an upper limit to the low=-

temperature activity.

Chemical Characteristics. Abnormal Areas.

There are three types of deviations from the above
conditions.

Firstly