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ABSTRACT,

Zeulites formed in basaltic flows and hyaloclastic rock sequences

in Lcelandicigeo;hermél areas have been mapped and investigated.

In the de—témpeféture geothermal areas (rock témperature <"150°C
in the uppermost 1 km.) four distinct zeolite zones are found.

The zeolite 2oneé correspond to a rock temperature interval. 1In
the ordef of;increased rock temperature the zones are 1) chabasite,
2) mesolite/écolecite, 3) stilbite and 4) laumontite zones.

Analcime “is not confined to a distinct zone.

In most of the high-temperature geothermal areas (> 200°C in the
uppermcst "1 km.) zeolites are formed in tﬁe uppermost. part of the
upflow”zode‘ét rock temperatures below 250°C. At even higher rock
temperatptes;anaiCime’and wairakite are found. >The sequence of
zeolitesfisjﬁormally not sharply defined in the upper levels of
the highéteﬁberaﬁﬁre areas due to the sharply rising temperature
gradients. ‘ﬁordénite; heulandite, laumontite and analcime are

the zeclites most commonly found in the high-temperature geothermal

w

reas., .Iln a few of the high-temperature geothermal areas zeolites

are alnost léckihg.
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INTRODUCTION

Ceothermal areas.in Iceland have been investigated for the last
thirty years and deep drilling has bheen purfornhd in some of the
aruas,  Mineraloglcal investligation of the altered rocks has been
qreatly intensified over the last five years. The geothermal areas
in fceland are divided into two distinct groups (e.g. PAlmason, 1974)
The low-témperature‘areas which are found in Quaternary and Tertiary
rock format#ons and the high-temperature areas which are in the
recent~v¢lcanic zones (Figure 1). In the low-temperature areas

the temperature is below 150°C at 1 km depth, whereas in the high -
tenmcratu#eféreag,the temperature is higher than 200°C at this depth.

In al 1 rhé high-temperature areas the dominant rock formations are
basalticiﬁyalocl&stites and basalt lavas. This is also the case

far the ldw-—'tempe'rature areas found in the Quaternary rock formation;
however, in the’low-temperature areas in rocks of Tertiary age

the country rocks are mainly basalt lavas with sedimentary inter-
calatians{ ﬁhe geothermal fluid is generally water of meteoric
origin with'a comparatively low content of dissolved solids (Amors-
son, 1974). >However, in some geothermal areas the water is saline
and concainsfconsider&ble amount of dissolved solids. The chemistry
of geOthermal water from several areas is shown in Table 1. The

most cammonfcéuse of saline water in Icelandic geothermal systems is
direct miking with sea-water or an outwash of chlorine trapped in
marine fﬁrmationé (Arnorsson and Tomasson, 1970). In the most extrene
case, in‘thé'Reykjanes high-temperature geothermal area (Bjornsson
et al,lQ?Z,VTémaéson and Kristmannsdottir, 1972), the water has the
Sane uallnity as sea-water. The pH of most geothermal water is high,
9 to J0.at 20°C in thé meteoric originated water, and 7 to 8 in the
saline water. The geothermal water of Lelra in Borgarfjéréur is

special inthat it is 00 - rich.
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Rocks in'high-temperature areas are young and have never been
deeply buried. Thevalteration caused by the circulation of the
geothermal water overshadows completely any former deuteric or
low-temperature alteration. In the low-temperature areas, the
alteration minerals often reflect a complex thermal and geological
hittory of the area. ‘The effects of the present geothermal system

are not asg obvious as they are in the high-temperature geothermal

dILqE

In the hydrothermally altered rocks zeolites are found mainly as
minor constituents in small veins and amygdule fllllngs The
zeolites are- also found as devitrifaction products of volcanic
glass. quever, in one of the Icelandic geothermal areas (Husavik),

zeolites have quantitatively replaced the original rocks.

. Zeolitization In Geothermal Areas

. Low-temperature areas

Low teu@eratﬁre .- geothermal areas are found in Quaternary rocks
which hoarder active volcanic zones and also in Tertiary rock
formations mainly-in the northern and western parts of the country.
Zanolites are apparently in all temperature regions up to 200°C in
tha upppgxt drillholes at the areas.

The gcothefmal areas within and in the neighbourhood of Reykjavik
are annnq the most intensively investigated low-temperature fields
in the Quaternary rock formation. Here the rock formations are
altulndluly hyaloclastites and basalt lavas in the uppermost 1000
m, Between 1000 m and below that depth to at least 2000 m basalt
lavas are dominant. The maximum temperature obtalned is 146°C at
2200 m depth_in one of the areas, but in other areas the maximum

Figure 2 temperaturesivarwarom 100-120'C. Figure 2 shows a simplified

“ geologlcal section in a drillhole from one of the geothermal fields
in Reykjavik, together with estimated rock temperatutes and the
distribunibn of secondary mineral species. In all the Reykjavik

geOthermui'fields the occurrence of zeolites is closely related to



Figure 3

the prevailing rock temperature. The zeolite zones found are:

An uppermost chabazite zone, a mesolite/scolecite zone, a stilbite
zone and a lowe;most laumontite zone, listed as a function of
increasiﬁg tempejatuic and depth. Other alteration minerals are not
directly related to the prevailing temperature. Relict alteration

is fuund“idkan aureole around two nearby Quaternary volcanic centers.
The Lntensity of the - alteratlon in the different Reykjavik areas

is gaverned by their ‘relative distance to these volcanic centers.
prdnte ¢s always rellc, and its retrograde transformation to prehnite
has been observed. The clay minerals are partly relic and partly

formed by the most recent low-temperature geothermal activity.

In.Figure 3;a similar diagram is shown for a 2i87 m deep drillhole
near’Thorlékshéfn in southwest Iceland (see Figure 1). This area

is opn the boarder of the western volcanic zone in southern Iceland
and can be considered as a border-case between low- and high~-tempera-
ture geothérmal areas. According to the previously stated definition
it is, howéver; classified as a low-temperature area. In the upper-
most 300 m the rocks are recent basalts; below that depth hyaloclstites
alternéte with basalt lavas to about 1900 m, with dominant basalts
below, . Dolerite dikes intrude the other rocks, mainly below 1100 m
depth.;‘The maximum temperature'obtained is 190°C at 2100 m depth.
Chabazite and thomsonite occur above 450 m, and laumontite below

800 m LO*2100 m, accompanied by mordenite and analcime at 800-1000 m

~ depth.. Zeolites are nearly absent at 450-800 m depth. The degree

of alLLration is comparable to the uppermost smectite-zeolite zone,
which is fQundVat rock temperatures below 200°C, in the high-tempera-
turé aréas'(Krismanhsdéttir and Témasson, 1976) . The occurrence of
epidote;and mixed-layer clay minerals in the deeperulevels of the

seccibn:ihdicate the beginning of the next alteration zone.

Walker 11960) mapped a well~defined zoning of the zeolitization
of Teftiaty formations in eastern Iceland. The zeolites in geo—
thermél a;éas in the Tertiary formation show a very similar zoning,
althouéh fhe analcime zone is seldom sharply defined. The uppflow

zones of water in these areas are mainly govetned by tectonic features
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dndluﬂm}hormally;a limited horizontal extention. The effect of
circulation of geothermal water on the zeolitization is mostly

seun by a disturbance of the zeolite zones around the main aqui fers.
Flgure 4 shows the occurrence of secondary minerals in a drillhole
from an area near Akureyri (see Figure 1). fThe maximum temperature
of the gepthermal water is 96°C. A disturbance occurs in the zeolite
zonlng at approximatg 620 m depth; at this same depth there is an
Liflow (23 1/8) of 94°C hot water to the drillhole.

The quoiogy of the Hushvik thermal area in nortﬁeast Iceland and

the geoéhemistry}of the thermal water have been described elsewhere
{Arnason and Témasson, 1970). The area is transected by a fault
system thh a vertical displacement of 600-1000 m. The uppermost

1100 I are sediments intercalated by smaller amounts of basalt lavas.
The sediments are partly marine. Basalt lavas underlie the formation.
The chlorine content of the water is from 400-1800 ppm and the tempera-
tare of.the'geothermal water is from 45-100°C. " The zeolites have
nearly quantitatively replaced the original sedimentary rocks,
especially ﬁhe most fine grained. A small amount of primary pyroxen
remainsfbutiplagioclase appears to be completely replaced. The
appearahce of the zeolite zones seems to be sihilar to that observed

in othet loﬁ—temperature areas. The mesolite/scolecite zone is .
quite cléatly defined. The laumontite zone is also quite distinct

in the sediments, but in the basalts it is not sharply defined. A
separate stilbite zone seems to be lacking, but stilbite is found
acat;sféﬁ below}400 meters depth. ’

P e -t e < 8+

Vhig gautu@znalma:aa«en,Leiza. ‘Roxgar f46zdur in western Iceland
COHLalH& cozw rich water, which is reflected by the paucity of
SLpondull zeolites, ‘Laumontite is scattered below 700 m at tempera-
tures ulove 120° C, and analcime is present in only a few samples belcw

1000 w at;temaeratures of 130°C and higher.

High~ temperature areas.

A quular sequence in the appearance of zeolites is seldom found
in the hlgh-temperature areas. This is mainly due to the steep
theymal gradient in the uppermost few hundred meters of the fields
and alse to. inflow of cold gqroundwater into the upper part of the

Sy S8 Lem,
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Zeolites (except analcime/wairakite) occur mainly in the uppermost
strata in the high-temperature areas at temperature up to 200-230°C
and depths of 300~500 m. Analcime and wairakite are scattered in

end below the zeolit: zone up to rock temperatures as high as 300°C.

Ziéolites have been‘observed in most of the high-temperature areas,

however, they are scarce in some areas and completely lacking in one.

Figures 5 and 6 show the mineralogical data of'two drillholes in

the Krafla and NesjaVéllif high-temperature areas (Figure 1), A
mwore detailed déscription of the Nesjavellir area has been published
previous;y3(Kriétmannsdéttir and Témasson, 1974). The investigation
ot the Krafla field is in progress, and only preliminary results
flum the flrst two shallow drillholes (1200 m ) have been published
(Kris tmarnsdottir, 1975)

In the Krafla aiea all zeolites except analcime and wairakite

are formed in the upper levels (200-300 m ) at temperatures up to
230%¢. (Anaicime and walrakite are scattered at greater depths and

at tampératqres up to 300°C. The magnitude and degree of alteration
and the alteration zones found from the distribution of the clay
minerals} prehnite, epidote, and quarts are generally compatible

with the ?revailinq temperature conditions, at least in the uppermost
1200 w of the piofile. At greater depths, fresh impermeable dikes
and suﬁllér?intfpsions are more dominant in the section. Minerals
whichfafé;sgablé;at much lower temperatures (smectite, mixed~layer
clay minéfais, chahazite, phillipsite) coexist with high-temperature
minerals‘forhed at the contracts of the intrusions (parawollastonite,
andradite, ﬁedenperg;te)_ In some of the drillhqles>there

is a fairly*iegular séquence of zeolites with depth: heulandite,
unrdenite} laumontite, and analcime/wairakite.  Epistilbite is also
found in the.heulandite zone., Phillipsite occurs in the laumontite
zone anq;also in the deeper intrusive rocks. The zeolitization
found in the hydrothermally altered rocks in the Krafla area is

typical of that in most other Icelandic high-temperature areas.



The Nesjavellir area is exceptional as it shows much less and a
lpwur3degreglof hydrothermal alteration than other high-temperature
arvan with simlilar range of the rock temperature. 1In this geothermal
axva ;eolites (other than analcime) are found at rock temperatures
or 250°C and higher. The zeolites are commonly observed to 1000 m
depth. Cglciﬁm éilicatea such as gyrolite and reyerite, are found
at Lhe same depth as the seolites. Zeolite zoning is not well
difined, but it shows a trend similar to that found in Krafla.
Thu:u'ts:stfbngievidence for a recent displacement of this area
(rriu(ménnadéttir and %6manson, 1974) that may explain the poor

£i1 bLetween the amount and degree of the alteration, the present

seconlary aneral paragenesis, and the prevalling temperatures.

Experimental studies by Liou (1970, 1971) of Ca - zeolites show

tha Hune seéuence of zeolite species to by forméd by increasing
tempervatures as in the Icelandic geothermal areas. The equilibrium
teipe racures (at the same range of total pressure) for conversion
fram nn@(Cafzeolite to another are somewhat higher than those observed
in the geothermdl areas. Contaminants in the geothermal fluids

will aftectvthe equilibrium temperatures for formation of zeolites.
In the experiments the aqueous fluid pressure ié equal to total
pressure, which  is not neccessarily the case in the geothermal
areas,  Lowér aéﬁeous fluid pressure and higher contents of dissolved
solids ih the géothermal fluids would tend to lower the temperaturecs

of formacion of the zeolites.

Studies of ieolites,(e.g. Seki, 1966, 1973, Miyashiro and
Shido, 1970) are in agreement with the range of ‘stability observed

or thmsé,5§eciés in the Icelandic geothermal areas.



Figure 7

CONCLUSION

The distribution of zeolites in Icelandic geothermal areas is
characterized by. the (ollowing factors; The original rocks are
baualﬁic lavas and hyaloclastites in all different types of geo-
thicrmal areas, except those in Tertiary settings where basalt lavas
ar ptedqminant. Inbbaaaltic rocks the occurrence of individual
Zgullﬁes'is influenced by rock composition. For example, heulandite
and stilbite are mostly found in tholeilites, while analcime is
virtually absent. vSuécessive zones characterized by chabazite,
mubulite/scolecite, and laumontite are found in all areas. The
permeability of the rocks, the age of the geothermal area and the
rack fofﬁations{ and the composition of the geothermal fluid are
all chtdrs:thaf'influence the degree and amount of the alteration.
i rouk.temperéture is, however, the most important single factor

guverning the degree of alteration.

Figure 7 cdllects all available data about the occurence of zeolites
in the lcelandic geothermal areas and relates the characteristic

zunlite zones to the temperature conditions at which they are formed.

The wecurrence of the zeolite species within the main zeolite
zones in Icelandie geothermal areas is also shown in Figure 7.

In the figure the temperature range of each zeolite zone is indicated.

Experinental data for stability and formation for some of the
leading zeolites (e.g., Liou, 1970, 1971; Seki 1966, 1973) are in
tairly gbod agreement with the range of temperatures at which

zeolites formed in the Icelandic geothermal areas.
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Tawle 1, Chemical uou@osition of water from several Icelandic geothermal areas.

Syéra-Laugaland  HOsavik Leira Reykjavik Nesjavellir Reykijanes
nuar Akureyrl
NDrillhole | Drillhole Drillhole Drillhole Drillhole Drillhole
e o, 5 No. 1 No. 4 G-23 No. 5 No. 8
¢ Uy, 5 _ 94 87 100 261 270
Pl C Y.81/20 - 7.4/20 8.10/20  9.60/20 7.69/261 6.27/270
S0, ow ©80 149 130 559.6 592
N 47.5 840 133.4 48 129.9 9854
K" 1.2 18.7 16.1 1.2 24.2 1391 .
ca™ 2.9 176 22.6 1.5 0.14 1531
Mgt 015 10.6 1.20 0.24 0.05 1.15
Co, (tot) 16.2 13 119.4 51 738.1 1427
80," ERPCRS 82 59.6 27 64.2 28.7
HoS (vot) 0.1 n.d. 0.26 n.d. 210 31.5
e’ 10,6 1633 135.7 19 5.8 18827
" 0.41 0.2 2.05 0.4 1.6 0.1

h.d. -not detenuined

National Enerygy Authorlty data ‘and Arnérsson, 1974,
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FIGURE LEGENDS

Figure 1. A simplified geological map of Iceland showing the

Flgure

Figure

Figure

Figure

Figure

Figure

4.

location of the high-temperature areas and the low-

temperature geothermal areas mentioned in the paper.

A.simﬁlified geologic section, the occurrence of zeolites

. and otherASecondary minerals and the estimated rock

. temperature by depth in a drillhole in one of the low-

temperature® fields in the Reykjavik area.

A7geologic'section, occurrence of secondary minerals and

" estimated rock temperature in a drillhole near Porlakshdfn.

A geologic section, occurrence of secondary minerals and

' estimated rock temperature in a drillhole in a low-

temperature area near Akureyri.

A'geologic section, oécurrence of secondary minerals and
estimated rock temperature in a drillhole in the Krafla
hlgh-temperature area.

A geologic section, occurrence of secondary minerals and
esﬁimated rock temperature in a drillhole in the high-

temperature area at Nesjavellir.

Zéoliﬁe zones found in the Icelandic geothermal areas.
The distribution of individual zeolite species within the
2ones]is indicated. Also shown is the approximate

temperature at the zone borders.
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