ORKUSTOFNUN
Jardhitadeild

NESJAVELLIR

Hydrothermal alteration in
a high temperature area

Hrefna Kristmannsdottir and Jens Tdmasson

Prepared for the International Symposium
on Water-Rock Interaction
Prague september 1974

0SJHD24 August 1974




e bt e e

ORKUSTOFNURN

‘NATIONAL ENERGY AUTHORITY

ey

NESJAVELLIR
Hydrothermal alteration in

a high~temperature‘aréa

Hrefna Kristmannsddttir and Jens Tdmasson

August. 1974

Prepared for the International Symposium

on Water-Rock Interaction

Pfague september 197W4.



e e

e

ABSTRACT

7

" The Nesjavellir high-temperature thermal aréafiﬁ

years. The present paper gives reSults;othhé .

~ mineralogical investigations.

‘The area lies in an active volcanic area. North-east
' south-west going faults and fissures penetrate all the

17»rock formations. Dominating rocks are hyaloclastics

and basalts. The highest temperature reached is 284°C

at 850 md. The geothermal water is low chlorine water.

The degree and magnitude of alteration is much less

than would be expected at so high temperatures. This

indicate recent changes in the geothermal area..

~south-west Iceland has been‘investigated’fbr sevébaif*;»'



NESJAYVELLIR

Hydrothérmql alteration in

a high-temperature area

I. "INTRODUCTION

Nesjavellir is situated in Hengill high«temperature

geothermal area in South West Iceland (see fig. 1).
The Hengill area is one of the biggest of 17 active
high-temperature areas in Iceland, which”are'allww '

situated within the active volcanic zones in‘Iteland

(fig. 1). The Héhgill area (Saemundsson, 1967) is
diyided into several subarea:; and one of them is the
NeSjavellir area lying in the North Wester: part ;
(fig. 2). The outline of Nesjavellir's surface geology
is'shown on fig. 2. The youngest rocks are postglacial
lavas and Nesjahraun lava is only about 200Q-years old.. =
Subglacial rocks are dominant in the.area  nd they

form elongated ridges lying in the main te tonie oL
direction. The area is very active tecton cally with ;
'\maﬁy'faults and fissures'goihé from North :‘ast to

Séuth West., Also the youngest rocks in thuyared are
 ‘penetPated by faults and fissures. The thermal activity
; on tHgWéurface is shown on the mep in fig. 2. Three of
thé drillholes 1, 2 and 4 are gituated within the area
of yisible thermal activity. The two others, 3 and 5,
are situated outside to the North East. From geophysical
measurements we know that the boriler of the thermal area
(to 1000 m depth) lies about 4 km north of drillhcle 5.

The temperature gradient is much :teeper in the holes

" which are situated within the are. of visille thermal

B actiVity. In drillhole 4 (fig. 3) a temperature of
?'255°C_is reached at 400 m depth. At the same depth



in drillhole 3 the temperature is 165°C. In the

deepest drillhole 5, the highest temperature is— T
284°C at a depth of 850 m, but beneath, the temperature
decreases to between 250-270°C. The geothermal water

has meteoric origin. It is alkaline (see table,i)‘with'
very low Cl- and rather low total content of dissolved
solids. The chloride content is as low as ih’fhefvapeur_

dominated areas.

II. OUTLINE OF THE SUBSURTACE GEOLOGY

The geologic section through the drillholes in the
uppermost 1000 m is shown in fig. 4. Beneath the
uppermost 1-3 lavaflows the section down to 400-500 m
is dominated by hyaloclastic breccias and tuffs,
@Beheath that depth in drillholes 3 and 5 basalts and;;*

iuffaceOuSVSedimentS'and hyaloclastites alternate in

approximately equal amount to about 1450 m. In the
interval 1450to 1800 m depth dolerite dykes dominate
the profile. |

TII. ALTERATTION B

R - - e

*

There .are three main factors controlling the degree of

k,»alteratlon in thls area, the temperature, the rock

"type and the water circulation. The rock types have.
evab§1ﬁg susceptibility to alteration, depending on the
’degree of crystalllsatlon and mineral comp051tlon
Theﬂmostfea51ly altered rockslare the glassy breccias
end,tuffs, but in the drillholes, horizons with fresh
glass are found down to 500 m, The glass becomes‘at,
first palagonitized (hydrated and oxidized) and, where

~heavily altered,,repléced by clay minerals.



Olivine is the first mineral to alter, first to
iddingsitic aggregates and later it is completely
replaced by clay minerals. Pyroxene is also altered -
to clay minerals. This alteration is rarely completed.
The plagioclase is nearly unaffected by alteration.

The opaque minerals have not been investigated in,f 

detail.

In fig. 5 and 6 the types and distribution of‘secondary

minerals are shown, together with simplified gteogic
sections and thermal gradients through the dpillholes.'

Zeolites are found down to .« : least 1000 m depfh and

to temperatures”above 250°C. Analchime is found from
the uppermost‘sectieh down to the bottom of the zeollte
zone. Heulandite is found at 100- 500 m (100 200°C).
Mordenlte is found from 100-800 m and Laumontlte at
300 900 m, mostly at 800-900 m. Traces of stilbite

and walraklte are found in drillhole 5. Ca101te is o
found above the zeolites and is concentrated alterna—'

tlvely w1th zeolites.

Silica minerals. Opal is one of the first Secondafy{

minerals to appear. The depth at which it ié*réﬁldéed{:;“_

by quartz seems to be dependent on the temperature o

gradient in the holes (see fig. 5-6). Quartz is then
Stable:to the bottom of the holes. o

Pfehﬁfge andtepidote. Prehnite is found‘in‘drillhole 3

continuously below 700 m but in drillhole 5 it is found
beldw\iQOO m with epidote. -Epidote is only found in
the‘deepest drillhole No. 5 and occurs firstfat i10D mﬂff

in small amounts. Most of the dolerite in'the deepest

part of the hole is nearly unaltered but between the

dykes there are thin horizons where epidote and other

hlgh temperature minerals are concentrated. Probably

these horlzons are thin layers of heav1ly altered basalts.,g

[



Other minerals. Pyrite is unevenly distributed and

found in greatest concentraLlon in the uppermost parts

of the holes. Haematite is found with clay minerals

in the glass and olivine pseudomorphs in the -uppermost

100 m of the section. Gyrolite is found associated |

‘with zeolites, mainly at 250-600 m and alsQ,in,one, 

sample at 1500 m. Traces of reyerite are also found

in a few samples.

Clay minerals. Smectite minerals dominate down to

800 m depthQ “Randomly mixed-layer minerals,;mainly

of chlorite-smectite and smectite-illite ahé found

- together with the smectites from about'iSOﬁm Chlorite

is found from 600 m and is dominant from 1000 m down
to the dolerité”at 1450-1500 m. In the . dolerlte zone

smectite mlnerals become dominant again: but 1n the

gheav11y altered horizons chlorite is found.

‘In table 2 the main groups of clay minerals are shown
~and the results from x-ray methods, differential thermal

~analysis and infrared spectroscopy are compared.

The smectite minerals are identified as iron-rich
saponite, which is the type of smectite found to be '
dominant in altered subsurface basalts frqﬁfTCéigndic

geothermal fields (Kristmainsd$ttir, in prep.).

'qMOSt-Of‘the‘mineralo are green in colour but some
‘are yellow to brownish. Somne have faint pleOphPOIbm.
*Ihe blrefrlngence is variable, medium to high.

‘Smectites with different optical propertles‘glve

Véry similar x-ray diffraction patterns} Smectites

frbm\different depth levels or different drillholes -

show‘however slightly different spacings for d(ool)

because of different cations occupying the interlayer

‘spaces. The DTA curves are very similar to curves of

iron-rich saponites described from Japan (Sudo, 1857,




Miyamoto, 1957). The smectites are found (by DTA) ‘
to be commonly interlayered by chloritic interlayers.-
In the infra-red spectra of the smectites the absor-
ptidn bands due(to interlayer water appear at_distinctly
lower frequency than for saponite (Farmer, 1958). This
might be,caused'by a high degree of Te substltutlon in.
octahedral positions (jfr. subst. in nontronlte, Farmeri
& Russell, 1967). The structure of the minerals is
completely destroyed by 6 N HCl, leaving an amorphous” 

residue.

The chlorites are found to be iron-rich variéfies,_-

from the optical properties, infra-red data (jfr.

Hayashi and Oinuma, 1965 and 1967) and partlal chemlcaly
analysis. They-are green in colour with low: blrefrlngence
The "swelling chlorites" have higher blrefplngence.

/The DTA analysis of the chlorites and "swelling chlorltes"_
show very similar results. Traces of structural bound M
water are found in both, but are more significant in

‘the "swelling chlorites". Dehydroxylation occurs‘at'
apprQXimately 600°C and sometimes in two steps showing

a shoulder peak appearing at 575-595°C and § maip peak

at 600-610°C. The "swelling chlorites"‘dehydroxylate

at a slightly lower temperature than the normal chlorites. "
The second endothermic peak due to dehydration-ef- the "m+4;?%%
mlca layer in the chlorites is very 1owgor missing. o
By further heatihg above 600°C to appfoximafely 920-950°C
 fhefé‘appears to be a gradual breakdown of‘fhe structure..
The” absorptlon bands in the infra-red speotra of all the
fchlorltes and "pSCudOCthPlte“" appear at 51m11ar fre- -
quenc;es. When compared with ‘the infra-red absorption
Sﬁeétra of chlorites described by Hayashi -and Oinuma
(1965, 1967) they resemble the spectra obtained frbm;

Fe and Fe, Mg chlorites. Treatment of the chlorite

with 6 N HC1l initiated only slight dlssolutlon of the
bru01te layers.



“analysis shows that there is a gradation from'smectltes

The mixed-layer minerals are very'vapiable according
to x-ray diffraction results. Their optical properties
are much like those of the smectites, but are even
more variable. The DTA curves for most of the mixed-~
layer minerals are very similar to those fov the -
smectites. The smectite-illite mixed-layer- mlnerals‘

give however distinctly different curves. The DTA

not or slipghtly interlayered with chloritic layers to
smectites with a large amount of interlayers.; The
infra-red spéctvas of the mixed-layer mineralsydre
close to thote of the smectites, but can have some
intermediatévfeatuves between that of the smectites

and that of chlorites.

Iy, ~ DISCUSSION

There are not many high-temperature areas th&t have
been investigated thoroughly so far in Iceland,
Reykjanes (Idmasson and Kristmannsddttir, 1972) and
Hveragerdi which is also a subarea of the Hengill
area (blgvaidasou, 1963) have been investlgated and

Ndmafjall (Gislason, G. in prep.) is one of the dreas

k]

being investigatced now.

Thé‘main factorc one would expect to govern the

1altem4tlon of rocks in a high temperature geothermal'

darea are rock Lyp {including the age of the rock)

‘WJtar LOmpOSlthH and the temperature and water
‘CLPCUJdLLon SYbiLm

In all the mentioned areas the rock types and strati-
graphy aie very similar, consisting of alternating

hyaloclaatic rocks and basalt lavas. There are. some ’

local variations as in drillhole 5 on Nesjavellir

where the older rocks are penetrated by younger

dolerite intrusions.



The composition of the water is different in the
areas.  In Reykjanes the water is seawater of orlgln,
nearly neutral or slightly acidic, but Hverdgerdl

has meteoric originated water, alkaline and with

some chloridetcontent (table 1). Nesjavellir and
Ndmafjall have very similar water, alkaline of
metcofic origin, with very low chloride cOntenfT(éee,
table 1). | '

There is an unsolved problem of how to explain the low
chloride content but this is not considered to be of
‘great importance for the course of alteratlon. A
Lompqribon ot ihu dltLPdtLOH in Ndmafijall and the
heykjan aredas doc _not suggest a close COPPLlathH
between water ompo sition and the degpee or dltefdtlon
in the rocks. ‘ =

7 According to earlier‘ihvestigations the temperature
is assumed to be the main factor coutrolling the’degree;‘
or alteration. - The maximum temperatures reached in
ququlliP are higher or of the same magnitude as

~the highest temperatures in ‘the other mentioned areas..
The’sLLondary minerals formed are mainly theA same 1n
.’all*appaa. Phc depth and temperature of occuvrenée
JPG‘OH NLb]aVHlllD often significantly dlfferent from
'ﬂfthe o1thv.
'Tﬁéimégnitude of alteration is usually very low in
fhé Neejavcllib area but there are veins with'most
”?of the rocks altered to secondary minerals, as a

sult of hlgh permeability.

Iﬁ gehepal tha degree of altcration in the Nesjavellir
. area is much less than one should expect according to
f Lgmpgraiur ~ This is expressed by (1) the occurrence
~of nuarly unal tepgd glass at 450 m depth and to rock




‘saponite and hectorite. Mineral. Mag. 31, 829:§75.

temperature about 200°C, (2) the zeolite zone ranges to

unusually high temperature up to 280°C and to the

~depth of 1000m, (3) the zone of dominant omectlte

minerals reaches to much higher temperatures than observed
in other areas, (4) Epidote-chlorite zone is not clearly
defined in the depth range of the holes. Epldote

is only found in narrow veins in the deepest drlllhole.

The mineral paragenese is obviously not in equilibrium

with the present temperature condition in the area.

The‘temperature hés increased too recently for the
minerals to get .into equilibrium with the new condl-‘
tions. This means that the geothermal area is mlgratlng
to the North. .
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" Figure captions.
Fig. 1. Geological map of:Iceland:
Fig, 2. Geological map of Nesjavellir.

/ J'Fig. 3. Temperature in dfillholes of,NeSjavellir;:i
Flg.v . A simplified cross section through the o
-area w1th the drillholes pPOjeCted 1nto the proflle

'" V‘Fig. 5-6.  The diétribution'Of seébndéry minefals.

| The minerals were identified with optlcal methods
\* ?f~ ;'“J > fﬁ combined with x-ray diffraction analyses. The amount
| EER glVen is volume percentage obtained by p01nt countlng
;WMM; in ‘the thin sections made from the drlllhole cuttlngs

‘Legend for identification of clay mlnerals and zeolltes

‘a) smectite, b) mixed-layer mlnerals, c) Chlorlte, e

d) swelling chlorite, e) analcime, f) heulandlte, S

g) mordenite, h) 1aumont1te, i) walraklte, ]) stllblte
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TABLE. 2. B _,‘, , S FEEEC N

. The Bmpa mwoc@m om clay Bwbmﬁwwm wwoa drillholes .2, 3 and 5 on Nesjavellir,

ooawmdeOS om %mmcpdm from the ﬁdﬁ@m Emﬁdoam of wbcmmﬁwmmﬁPOD.

,,ZHJmﬂwM group

;nﬁm%mnﬁmﬁpm&pom w%oé ﬁﬁmw
| x- %m% H5<mmﬁwmde05

1

Characteristics from.

~the differential
-~ thermal- analysis.

oﬁm%moﬁm%wwﬁwom from
the infra-red spectra.

.ﬂw.mmBWOﬁwﬁm

,;WHBOJNH@_wﬂmHHMﬁw in ;
ethylene glycol,contracts

to 9,6 A after heating.

Main mEQOﬁSmHBHo wmmw
at ca. pmo °C

As for smectite.

HH\JmsmOﬁHﬁm
glightly
interlayered

md%@bmww_n:,,JJﬂz in
ethylene glycol,contracts
to 9,6 A after heating.

Main mUQOdwmﬁawo peak
at ca. 160°C .and a lower
but distinct at ca.550°C

v

As for smectite

but slight changes have
occurred in the Si-0
absorption bands.

a)smectite
IIT. Minerals
"intermediate"
between smectite
and chlorite

Most swell in ethylene
glycol from very mﬁﬁosmww
to mpp%bdp%

Main endothermic peak
at ca. 160°C and a lower

but distinct at ca.550°C.

Distinct changes in

the Si-0 bands towards
chlorite, but the absor-
ption bands due to OH-
stretching vibrations are
still smectite-like.

b)chlorite

Swell in ethylene mwwoowu
from very strongly to
medium strongly (15 A).

L
4

Dehydroxylation
occurs at ca.590°C.
Traces of structural-
bound water.

As for chlorite.  The
Si-0 bands are however
sometimes slightly
different from those

of group IV otwo%wﬁmeM

IV. Chlorite

Non swelling. =

Umrwawox<wmﬁmom
occurs at 600-610 C.

As for njHOdHﬁmp
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Fig. 3.
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