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Aquifer chemistry of four high-temperature 
geothermal systems in Iceland 
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(Received 29 April 1977; accepted in revised form 13 January 1978) 

Abslraci—The.deep water feeding wet-steam wells in four high-temperature geothermal areas in Iceland 
have highly variable salinity as reflected in the chlorine concentrations which vary from 20 to 19000 ppm. 
Using available values for equilibrium constants, the activities of 26 chemical species involving Ihe 
major components of the reservoir water have been calculated and quantitative evaluations of solute/ 
solute, mineral/solute chemical equilibria in these geothermal systems have been made. 

The unflashed reservoir w"ater is just saturated with calcite. The saline geothermal waters, which 
represent heated sea-water, are just saturated wilh anhydrite, but the dilute waters, which are of meteoric 
origin, are somewhat undersaturated with this mineral. The fluoride mobility is thought to be limited 
by an ionic exchange reaction where F " replaces some of the OH" in the layered silicates. The 
pH of the unflashed reservoir water is governed by ionic exchange equilibrium in which all the major 
cations participitate. At a given lemperature it seems likely that the activity of one cation fixes the 
activities of all the other major cations and hydrogen ion. If this is so, and we take all the other 
chemical equilibria which have been demonstrated to exist for granted, it turns out that the major 
element composition oflhe unflashed high-temperature geothermal waters is controlled by two indepen
dent variables only. These variables are the temperature and the supply to the water of the incompatible 
elemenl chlorine, incompatible indicating that this elemenl is not incorporated in the geoihermal 
minerals. 
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INTRODUCTION 

fiw article is based on a geochemical study of fluids 
-acharged from 14 wet-steam wells in 4 of the 18 
^'i-Vtcmperature areas in Iceland (Fig. 1). These four 
' ^ are of the hot-water type (see WHITE et al., 

• ''LOf the 14 wells whose chemistry was studied, 
'• ^ '̂'̂  been drilled since 1968 both for exploration 
"^ exploitation. Between I and 15 samples have 
*«" collected from individual wells. 
A^'^ed analysis of water and steam samples from 
^ '•* wells are presented in Table 1. The chemistry 
' *'A^^ ^'^'l discharges at Svartsengi and Namafjall 

- "milar but the wells in these two fields are rela-
' * closely spaced (Figs. 2B and 2D). Homogeneous 

•^•^oir chemistry at Reykjanes (Fig. 2A) is also indi-
-"u by the discharge composition of several wells 

^ î -Ji area (BJORNSSON et al. 1972). Within the Hen-
Sh-temperature area considerable difference in 
discharge compositions is observed between 

.. "^Serdi and Nesjavellir. Hvera'gerdi is located on 
*«utheast boundary of the area but Nesjavellir 

W ' "°'''heast boundary, some 10 km away (Fig. 

•TV ' 
- ^ ^ . P f ^ e n t study was initiated in 1972. At the 
^ n n i n g Ji involved the adaption, and development 
^j """'̂  routine methods for collection of represen-

samples of water and steam, and the develop-
•V, computer programs for the calculation of 

"'position and chemical speciation of the 

• \ '. 
""•̂ - Icel*'"^ ''̂ ^ Nordic Volcanological Institute, Reyk-

aquifer water. The calculations refer to the tempera
ture of equilibrium with quartz and assume one step 
adiabatic flashing. The well discharge enthalpy is de
rived from this reference temperature assuming only 
water to be present. Since this study was initiated 
a similar computer program has been presented 
(TRLTESDEH. and SINGERS, 1974). 

The chemical characteristics of goethermal fluids 
in Iceland have been reviewed recently by ARN6RSSON 
(1974). He concluded that with respect to the high-
temperature geothermal waters, that three major vari
ables governed their chemical composition. They are 
temperature, rock type (basalt or acid volcanics), and 
influx of sea-water into the geothermal system. 
Juvenile sources of sulphur and carbon may also con
tribute to the bulk composition in some of the areas. 

Influx of sea-water into high-temperature geother
mal systems occurs in the Reykjanes Peninsula in 
southwest Iceland where highly permeable late Qua
ternary and Recent volcanics reach the coast and 
where the elevation of the land is low. A gradation 
from insignificant sea-water influx to 'pure' geother
mal sea-water is observed from the more elevated 
eastern part of the Reykjanes Pennisula to the low 
lying southwest tip (ARN6RSSON, 1978a). 

The low content of dissolved solids (700-1400 ppm) 
in the reservoir water of the other high-temperature 
fields, located in basaltic rocks, is thought to be due 
to limited supply for leaching of 'soluble anions' such 
as Cl". The limited supply may be partly due to low 
concentrations of chlorine in the rock (see SIOVALDA-
SON and OSKARSSON, 1976), but it may also be due 

to other parameters such as the internal structure of 
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Q High-Temperoture Areo 

/ /Ac t i ve vofconic Bells 

Fig. 1. The distribution of the high-temperature geothennal fields in Iceland. 

the rock that determines the size of the contact area 
between rock and through flowing water (ARN6RSSON, 
1970a). Where geothermal waters of high temperature 
flow through acid volcanics, the dissolved solids con
tent is higher, particularly as a result of higher chlor
ine concentrations. 

Although the concentrations of some dissolved 
components (Cl, F, SO4) not limited by mineral solu
bilities are observed to increase with temperature in . 

REYKJANES 

Iceland low-temperature geothermal areas (ARNOĴ  
SON, 1974, 1975), such relationship cannot be sg 
from available data of high-temperature geotherc, 
fluids. This relationship is thought to reflect increase 
leaching from the rock as water temperatures i: 
crease. The main effect of temperature on the comp. 
sition of the high-temperature fluids lies in the ic-
perature dependence of mineral solubilities and ioii 
exchange equilibria that govern the mobility of ma 
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Fig. 2. Location of geothermal wells at (A) Reykjanes (B) S%'artsengi, (C) Hengill, and (D) NamafjaH. 
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High-temperature geothermal systems in Iceland 

Table 1. Analytical dala for the 14 wet-steam wells included in this study 
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ofthe dissolved components. This effect on fluid com
position is the main object of the present article and . 
is treated in the last chapter. 

GEOLOGICAL FEATURES OF THE 
HIGH-TEMPERATURE FIELDS 

The high-temperature areas in Iceland as defined by 
BiiovARSsoN (I960) are all located within the zones of lale 
Quaternary and Recent volcanism (Fig. 1). Drilling has 
!>«n carried out in six of these areas, but 18 have been 
•Jentified in the country. In all of the drilled areas tempera-
lures higher than 200°C have been found at depths of less 
than 1000 ra. The highest recorded drillhole temperatures 
we about SSO'C at some 2000 m deplh in Krafla and 
^^"C at 1750 m depth at Reykjanes. 

lable 2. The calculated concentrations (in ramoles/kg) of 
various chemical species in the waler feeding wet-stream 
»tlls in the four geothermal fields included in this study. 
The calculations refer lo the reported quartz equilibrium 
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The high-temperature geothermal activity is typically as
socialed with the so-called central volcanoes or volcanic 
complexes (PALMASON and S/EMUNDSSON, 1974). These 
volcanic complexes, which are generally tO-20 km in dia
meter present the foci of greatest magmatic activity within 
the volcanic belts. They arc situated near the centers of 
elongated swanns of faults and fissures. These swarms 
often tend to be at an angle (up to 30°) to the axes of 
the active volcanic zones and form an en-echelon pattern 
when the volcanic belts are viewed as a whole (PALMASON 
and S-EMUNDSSON, 1974). All central volcanoes except on 
the Reykjanes peninsula are associated with acid and inter
mediate volcanics. 

Eroded central volcanoes are widely distributed within 
the Tertiary basalt formations in Iceland (WALKER, 1963, 
1966; SIGURDSSON, 1970). The hydrothermal alteration, 
which is typically found in the collapsed ceniers of these 
complexes bears witness of ancient geothermal aciivity. 

The typical pattern of alteration minerals found in the 
high-temperature geothermal drillholes in Iceland has been 
reviewed recently by KRISTMANNSD6TTIR (1975). The 
mineralogy and mineral zoning of the geothermally altered 
Tertiary central volcanoes is strikingly similar lo that of 
presently active areas as deduced from the drillhole data 
(SlGVALDASON, 1963; T6MASS0N and KRlSTMANNSObrriR, 

1972; KRISTMANNSD6TTIR and T6.MASSON, 1974, 1975; 
WALKER, 1966; SIGURDSSON, 1966). 

Intrusions are very abundant within the Tertiary central 
volcanoes (WALKER, 1966). The intrusions are mostly sills 
and dykes, which are few meters thick. WALKER (1966) esti
mates that the intrusions amount to at least 50% of the 
rock in some of the Tertiary volcanic complexes in easlern 
Iceland. Drilling al Nesjavellir, which is included in this 
study and recent drilling into the Krafla geothermal field 
(not included here) shows that minor intrusions predomi
nate below about 120O-t4(X)m depth (lCRiSTMANNSD6TTtR, 
pers. comm.) It appears that one of the characteristics of 
central volcanoes is abundance of shallow intrusions 
(WALKER, 1974). This is now known to be the case at 
Krafla and is suggested by gravity highs in several other 
high-temperature areas. The intrusions are considered to 
be the source of heat for the geoihermal activity. 

The distribution of the geothermal alteration in the 
eroded Tertiary central volcanoes indicates thai the geo
thermal activity is fairly evenly spread throughout the 
whole period of the magmatic activity in the volcano. Il 
appears that the life span of these volcanoes is of the order 
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otO.S to 1.5 million years (PIPER, 1971; GRONVOLD, 1972; 
FRIDLEIFS-SON, 1973; S/EMUNDSSON and NOLL, 1974).. 

SAMPLING PROCEDURES 

From production wells samples were collected from 
separators on the wellhead thai separate the whole dis
charge and yield over 99.8% dry steam. Samples of waler 
and steam from exploratory wells were collected with the 
aid of a small thermally isolated, chromium-steel Webre 
separator. The separator was fitted to a half inch socket 
welded on the by-pass pipe in accord with the experimental 
results of MAHON (I960). Sampling pressures ranged from 
3 to 22 bar. 

A cold water jacketed pipe of chromium-steel, which 
is attached to the separator, is used to cool the water 
samples to 10-30°C and condense and cool the steam 
samples lo about the same temperature. Water samples 
were collected into two I liter plastic bottles for determina
tion of non-volatile constituents and into a 300 ml gas sam
pling tube for measurement of pH and analysis of dissolved 
volatile constituents (CO^ and HjS). The condensate was 
collecled into a 300 ml gas sampling tube, also for analysis 
of dissolved volatile constituents. Any gas phase that 
accompanies the condensate was collected into two 300 ml 
gas sampling tubes by first filling them with condensate 
and then turning them upside down to allow the gas to 
cumulate from Ihe lop of Ihe tube as il ejects Ihe conden
sate. The volume of gas per I liter of condensate was 
recorded. TTie temperature ofthe condensate was measured 
and it is assumed that the temperature of the gas was 
the same. 

Usually the pH and the volatiles in the water and con
densate were analysed immediately after collection and 
always on the same day they were collecled. Storage in 
a container not completely air-tight leads to rapid de
pletion oflhe volatile content ofthe condensate and fairly 
rapid decline in the HjS content of the water sample. For 
determination of non-volatile constituents the water 
samples were taken to the laboratory as were the gas 
samples. 

Evacuated flasks containing concentrated NaOH solu
tion have also been used to collect non-condensable gases 
accompanying the steam fraction. In this case COj and 
H2S dissolve in the alkaline solution, bul the non-soluble 
gases, mainly Hj and N2, form a separate gas phase. The 
condensate accompanying the gas phase can be measured 
as an addition to the NaOH solution. This sampling pro
cedure is more accurate, particularly at high gas concen
trations, but it is less convenient and more laborious than 
Ihe one described above. 

Since some waler may always be carried over with the 
steam during sampling, the condensate was always ana
lysed for a non-volatile component present in relatively 
high concentrations in the water phase, usually Na or CI 
If significant concentration of the non-volatile component 
was found in the condensate a correction is required to 
evaluate the quanthy of volatiles Ihat accompanied the 
sleam. 

The pressure drop in the small Webre separator was 
kept at minimum in order lo reduce flashing in it as much 
as possible. This results in rather low flow rate of water 
and especially steam from the separator so it may take 
5-10 min to collect 1 liter of the aqueous fraction and as 
much as 20-30 min for collection of I liter of condensate. 

COMPUTER CALCULATIONS 

Calculation of total discharge composition 
In the four high-lemperature areas under sludy, reservoir 

temperature/pressure relationships were such that only a 
hot-water phase, here termed reservoir water, existed in 
the aquifers penetrated by the wells before Ihey were pul 
into produaion. At Namafjall, Nesjavellir and Reykjanes 

Ihe pressure drop caused by Ihe discharging wells was su^. 
cient to initiate boiling in the feeding aquifers. On Hj 
olher hand temperature/pressure measurements in djj. 
charging wells al Svartsengi and Hveragerdi, show iija, 
flashing starts in the wells in these two localities. 

In the computer calculations the flashing of the reservoi, 
water to the point of sample collection on the wellhead 
is assumed to be adiabatic, without any separation of dv 
Iwo phases, and at thermodynamic equilibrium. Undo 
these conditions the enthalpy of the reservoir water equak 
thai of the steam-water mixture at any sampling pressure 
It is split between the Iwo phases as shown by the follow, 
ing equation: 

and 

ho = X,G, -f (1 - X , ) h , 

hg = hf -i- X,Li . 

(1| 

( l l , 

In these equations /IQ represents Ihe enthalpy of ij^ 
reservoir water, C, and h, the enthalpies of the steam atf 
water phases respectively al a given pressure, P,. L̂  jj 
the latent heat of vaporisation at P , and X, the fraction 
of reservoir water that has evaporated. 

The relationship expressed in equation (1) is not val^ 
if the well discharge enthalpy deviates from /lo, a situatio: 
that will arise when flashing occurs in the aquifer and sen. 
aralion of Ihe two phases causes the well discharge (j 
become enriched or depleted in steam. Enthalpy data fa 
individual well discharges are not available to reveal ihji 
Yet h is considered that it is a fair assumption to laU 
individual well discharge enthalpies to be equal to the 
of the unflashed reservoir water. The analytical dala wci 
largely collected during the early periods of productio: 
and drastic changes in the composition of individual vd 
discharges have nol been observed. 

The concentrations of the various chemical componcni) 
dissolved in the unflashed hot-water have been evalualii 
from analyses of the water and sleam phases colleaed xp 
aralely on the wellhead at a known pressure. The conociy 
trations of any non-volatile and volatile constituent in tit 
reservoir water are relaled lo Iheir analysed concenlralioa 
in the collected water and steam phases respectively B 
shown by the following equation: 

and 

: ni„(l — X) 

Vo = "w(l - X) -i- v,X. 

C 

The subscripts 0, w and g denote reservoir water, flashtf 
water, and steam; m and v represent a non-volalilt tn: 
a volatile constituent respectively, and X the fraction d 
steam flashed from the reservoir water. Combined anaho 
of the condensate and the gas samples yields a vate 
for D,. 

Calculation of activity coefficients and the concentralioR * 
individual chemical species 

Individual ion aciivity coefficients were calculated fioe 
the extended Debye-Hiickel equalion: 

- log y, = 
AzJ.71 

1 -I- aB^y" 

The values of A (the Debye-Hiickel limiting law p»̂  
ameter), B (the molal Debye-Hiickel coeflicicnl) t'*' 
been obtained from HELGESON (1969) and the valuo ' 
a (the ion size parameter) from GARRELS and Cn»-̂  
(1965). 

As a first approximation the ionic strength was ((>=* 
from the analysed total concentration of major caliotn f 
the water sample: . . . 

'.pprc. = i 2(m^. -I- m .̂ -t- 4mc. -f 4niy,) 

Table 
compi 

K O 'B*M 

• jS-»*-»Bl 

i i s ' - i i ' « s ' 

• CoCOj-C*' 

ttaSO^-H,-

KSO^-It%S 

. l t aC l* ' -H ,* 

HSO^-H**S 

B j S l v o p t - l 

(1) 
(2) 
(3) 

,-<rmitting the firs 
jnd subsequent de 
jolved ionic specie 
bied gives a new 
pves the correct 1 
correspond to Ihc 
chemical speciatioi 

Aclixity coeflicij 
md gases were tak 

The method of ( 
dual chemical spei 
composition will n 
alcutalions have 
CHRIST, 1965; TRUE 
ifiecies and reactjoi 
Seen listed in Tabl 
tolution of the apj 
dissociation equilib 
race temperature. 

Specifically for th 
conservation of chi 
Bicluded. The value 
men! of pH and an< 
»dds and their an 
tntal sulphide) in tl 
roervoir water Ihi 
iUshed water fracti 

fSTIMATION C 
AND ENTHA 

In the present 
icnpcrature is, ifi 
'>ai calculated fi 
«lica in solution 
The enthalpy is de 
=e only water to 
^ ' a Ihat have bee 
* ^ MoREY et a l 

't has been sho 
*"V 1970b, 1975) 
* « s u r e d tempera 
features in wells 
^ » in New Zes 



M IP^"^ •.i^jT'- • 

72'. • . 

( l l 

(:> 

(i' 

iinJ 
sio 

High-temperature geothermal syslems in Iceland 

Table 3. Equilibrium constants ( — log K) for the chemical reactions considered for the present 
computer program. The reported values represent a printout from the relevant computer 

subroutine 

527 

• • • c t i o n 
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BCoj-a'-ooJ* 
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C*COj-C«***O0~ 
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«so^-« '»so^ 
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zo^c 

1 0 . 0 0 

6 . 3 4 

1 0 . 3 1 

6 . 9 9 

1 5 . 5 0 

3 . 0 4 

3 . 0 4 

O.BO 

O.BO 

3 . 3 9 

3 . 1 0 

- I . S 9 

- I . S 7 

. 1 .92 

3 . 1 1 

4 . 0 0 

so-'c 

9 . 5 3 

6 . 3 9 

1 0 . 1 ) 

6 . 7 6 

1 4 . 5 7 

3 . 4 0 

3 . 4 0 

0 . 9 7 

0 . 9 7 

2 . 1 9 

2 . 5 6 

- 1 . 4 0 

- 1 . 1 S 

2 . 3 0 

3 . 1 9 

3 . 6 5 

lOO^C 

9 . 0 7 

6 . 4 7 

1 0 . 1 7 

6 . 6 4 

1 3 . 6 3 

4 . 0 0 

4 . 0 0 

1 .20 

1.2B 

3 . 7 2 

3 . 3 1 

- 1 . 0 3 

- 0 , 7 0 

3 . 9 8 

3 . 8 3 

3 . 1 6 

3 . 5 2 

3 . 0 9 

ISO^C 

8 .BS 

6 . 7 ) 

1 0 . 3 0 

6 . 7 1 

1 3 . 0 ? 

4 . 6 0 

4.GO 

1 .61 

1.61 

3 . 1 3 

4 . 0 7 

- 0 . 7 2 

- 0 . 4 0 

3 . 7 3 

4 . 3 6 

2 . 4 4 

3 , 0 1 

2 . 6 8 

lOO^C 

B.BS 

7 . 0 6 

1 0 . 6 3 

6 . 9 4 

1 3 . 7 8 

5 . 3 0 

5 . 2 0 

1 .96 

1 .96 

3 . 5 7 

4 , B 3 

- 0 . 4 0 

- O . I X 

4 . 5 0 

4 . 9 B 

1 . 9 5 

3 . 5 0 

2 . 3 5 

2 i 0 ' c 

9 . 0 5 

7 . 6 7 

1 1 . 4 9 

7 . 3 7 

1 3 . 6 0 

5 . 8 0 

s.ao 
3 . 3 2 

2 . 3 2 

4 . 0 ) 

5 . 5 7 

0 . 0 0 

0 . 2 6 

5 . J O . 

5 . 7 3 

1 .S3 

I . W 

3 . 0 8 

lOO^C 

9 . 4 5 

8 . 8 3 

1 3 . 3 1 

8 . 0 3 

1 2 . 4 0 

6 . 4 0 

6 . 4 0 

3 . 7 1 

3 , 7 1 

4 . 5 2 

6 . 3 3 

0 . 6 4 

0 , 9 2 

6 . 1 3 

6 . 5 9 

1 .14 

1 . 4 8 

1.94 

ISO^C 

1 0 . 0 7 

1 0 . 7 5 

1 6 . 5 1 

0 . 9 4 

1 2 . 0 3 

7 . 0 0 

7 . 0 0 

3 . 1 1 

3 . 1 1 

5 . 0 1 

7 . 0 8 

1 .61 

1 .98 

6 . 9 7 

7 . 5 7 

0 . 7 6 

0 , 9 7 

Rcautrk 
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(31 
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f l ) 

(11 

S9UJ-C* o f ( U t a 

r m Z R < l917 )< l30**C | j r . a JH>I I974 )>13O°C 

BSLCCSOM (19691 

BBI^ESOW {1969) 

•'*^frr*rat ( 1969) 

OICISOH 11966) 

BXLCZSOn (1969) 

ntOCSOELL 4nd SIMCERS(1974 l ,CAbl* 5 

nzLCCSon (1969) 

TRUKSOELL «nd S I M C E R S ( 1 9 7 4 1 , t a b l * 5 

nUESDELL mna SINCEftS[I974J , u b t * 5 

L i m i Z a t « 1 . (1961) 

KLLIS (19«3> 

OEUXSOH (1969) 

CLLIJ s a a OOLDIMC 11963) 

MOWT • t . a l . {1962)<240*'C» 

KEKKSOT ( 1 9 5 0 > > 2 4 0 ' ' c . 

(1) extrapolated over 200C. 
(2) assumed to be idenlical with K(CaCOS). 
(3) assuined to be identical with K(KS04), cf TRUESDELL and SINGERS (1974). 

k. 

pcrtniuing the first calculation of all activity coefficients 
ind subsequent derivation of the concentration of all dis-
•olved ionic species. The total ion concentration so calcu-
lilcd gives a new value for the ionic strength. Iteration 
pvej the correct values for the activity coefiicients that 
correspond lo the ionic strength of the solution after 
diemical speciation has been taken into consideration. 

Activity coefficients for non-charged dissolved species 
ltd gases were taken to be unity. 

The method of calculating the concentration of indivi-
«>ul chemical species in reservoir water with a known 
composition will not be described here, since comparable 
ciloilalions have been described before (GARRELS and 
ClOBT, 1965; TRUESDELL and SINGERS, 1974). The chemical 
Teaes and reactions considered for these calculations have 
'̂ ^o listed in Table 3. The computer calculations involve 
•O'uiion of the appropriate mass balance equations and 
oajoaation equilibria for these reactions at a given refer.-
°ia lemperature. 

Speafically for the pH calculations, equations expressing 
conservation of charge of anions of weak acids must be 
•̂ n̂ided. The value for this sum is obtained from measure-
*^lof pH and analysis ofthe total concenlralion of weak 
* ^ and their anions (total silica, total carbonale and 
'«al sulphide) in the sample of the water fraction. In the 
^''rvoir water this sum is (t - X) lower than in the 
-*s'ied water fraction. 

^STI.VUTION OF RESERVOIR TEMPERATURE 
AND ENTHALPY OF WELL DISCHARGES 

In the present computer program the reservoir 
^perature is, if not otherwise specified, taken to be 
^ ' calculated from the content of undissociated 
.^ca ID solution asstiming equilibrium with quartz. 

enthalpy is derived from this temperature assum-
8 only water to be present. The quartz solubility 
^ that have been used are those of KENNEDY (1950) 

* ^ MOREY et al. (1962). 
u has been shown (MAHON, 1966, 1970; ARN6RS-
"*'• '^''Ob, 1975) that there is a good-fit between 

•̂ cd temperatures and quartz equilibrium tem-
c .''^ in wells in high-temperature geothermal 

s m New Zealand and Iceland respectively. In 

his demonstration ofequilibrium between quartz and 
dissolved silica ARN6RSSON (1975) used analyses from 
wells fed by one aquifer and samples that were col
lected shortly after the well produced for the first 
time. 

Pressure drop in high-temperature water reservoirs 
caused by discharging wells may cause increased 
flashing in the reservoir, especially where the original 
underground temperatures are near the boiling point 
curve. Flashing in the reservoir so produced will 
lower the temperature of the water in the formation 
and thus cause some precipitation of quartz. Quartz 
equilibrium temperatures derived from the silica con
tent of discharges of wells that have produced such 
pressure drop wiU be intermediate between the ori
ginal reservoir water temperature and the tempera
ture of inflow into the well. 

An example of the fall in quartz equilibrium tem
perature of well discharges with time is demonstrated 
in Fig. 3. Well 5 at Namafjall shows the greatest drop 
observed in this study, or some 45-50°C. If the 
enthalpy of the discharge of this well corresponds to 
the quartz equilibrium temperature as it was at the 
initiation of the discharge period, but not to a value 
45-50°C lower, the computer program yields 11% 
too high values for the concentrations of the non
volatile constituents in the reservoir water and for 
the volatile constituents, H2S (total) and CO2 (total), 
values which are low by some 40% and 20% respect
ively. 

In evaluating the chemistry of the water feeding 
the 14 wet-steam wells under study, the limitation of 
the quartz geothermometer must be kept constantly 
in mind. It is a further limitation that the solubility 
and other mineral-solute calculations refer to one 
temperature, whereas the total well discharge, which 
is analysed, may be composed of water fractions of 
different temperatures. In order to get an impression 
ofthis effect and the validity ofthe quartz equilibrium 
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Fig. 3. Variation with time in Ihe quartz equilibrium lem
peralure (t,,J of the discharges from wells 5 and 7 at 

Namafjall. 

temperature, measured downhole temperatures and 
aquifer locations have been presented for all the 14 
wells in question in Fig. 4. 

EVALUATION OF RESULTS 

General comments on the chemical speciation in the 
reservoir water 

Examples of the computed chemical speciation in 
the reservoir water from the four geothermal fields 
studied are given in Table 2. The analytical data for 
these computations are given in Table 1. 

The calculated pH of the saline reservoir waters 
is near neutral, being on average about 5.8 for Reyk
janes and about 5.5 for Svartsengi. Neutral pH at 
the quartz equiUbrium temperature for Reykjanes and 
Svartsengi is 5.6. The dilute waters are distinctly alka
line, the pH being in the range of 7.2-7.5 for Namaf
jall and Nesjavellir (neutral pH 5.6) and on average 
about 6.9 for Hveragerdi (neutral pH 5.7). A further 
discussion on factors controlling the pH-level is given 
in a later section. 

Virtually all the silicic acid is undissociated in the 
saline waters and far the larger part of the carbonic 

acid and the hydrogen sulphide. In the dilute waters 
silicic acid is insignificantly dissociated (1-3%) but 
some half of the carbonic acid and hydrogen sulphide 
is. Therefore, the pH of the dilute reservoir waters 
is strongly buffered by the two latter mentioned weal 
acids. Of total fluoride, HF° amounts to 20-40% Jn 
the saline waters, but its concentration is insiginficam 
in the dilute waters, being less than 2%. HSO4 jj 
virtually all dissociated in both types of water. 

Of the major anions sulphate is largely complexed 
as NaS04 and CaSOj in both saline and dilute reser-
voir waiers. In the dilute waters these complexes in. 
elude a significant fraction of the total sodium and 
calcium. Only ^ of the total sulphate forms free SOJ-
ions in the saline waters and | to J in the dDuic 
waters. Chloride is considerably complexed as NaQ'' 
and KCl" in the saline waters. 

Carbonate ions (COi") are present in considerabh 
lower concentrations than the corresponding CaCO|| 
and MgCO? ion pairs in both types of water It is 
evident that sulphide ions (S^") occur in higher con
centrations in the dilute waters than in the saline 
waters although the reported values in Table 2 arc 
uncertain due to the uncertainty in the value of Kic-. 
The values of DICKSON (1966) used here are probabli 
too high (see ELUS and GIGGENBACH, 1971). Tht 
higher S^" concentrations in the dilute waters are 
expected to maintain the mobility of the free ions 
of the base metals at a lower level than in the saline 
waters. This is supported by the available data for 
iron. Its concentration is in the range of 5-10 pph 
for the dilute waters but some 500 ppb for the saline 
waters (ARN6RSSON, 1970c). 

The distribution of COj and H^S between steam and 
flashed water 

The cornputed activity of carbon dioxide and 
hydrogen sulphide in the samples of water and steam 
from Ihe separator suggests ihat equilibrium distribu-

soo 
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Fig. 4. Measured downhole temperatures and location of aquifers in (A) wells 4-9 al Namafjall, (B) 
wells 2-5 in Svartsengi, and (C) well 8, Reykjanes, wells 2 and 4 in Hveragerdi, and well 5 at Nesjavellir. 
The temperature profile for well 9, NamaQall, was taken shortly after completion of drilling and is 
considered to represent much too low temperatures. The figures with each temperature profile (in 
the bottom left corner of Figure A) represent the temperature of equilibrium with quartz (t^J. An 
arrow between a sel of figures indicates trend towards lowering of the quarlz equilibrium lemperature 

with time. 
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ĵ io is attained for these volatile compounds between 
•je wo phases. The activities of carbon dioxide and 
rijrogen sulphide in the water fraction were calcu-
jiid from the analysed total carbonate and total sul-
.cide and the measured pH and refer to the tempera-
art of separation. The activities of carbon dio.xide 
ind hydrogen sulphide in the steam phase were de-
,T>ed from analysis of the condensed steam and 
ttxompanying gas phase. 

In the dilute waters, the total carbonate 
HjCOj -t- HCO J -1- CO3") determination is semi-
.juaniilative, explaining to some extent the great scat
ter of points for the computed values of COjw/COjg 
iflg. 5). The average for each well discharging the 
•ihite waters is reasonably close to the equilibrium 
ihje. Total carbonate in the water fraction is deter

mined by titration with dilute hydrochloric acid solu-
• tion and subtracting on a theoretical basis the inter
ference from silica, hydrogen sulphide and water. 

• Total sulphide was determined by titration with mer
curic acetate or iodine solutions, which are accurate 

[ methods. This is reflected in the better fit of the 
t:)drogen sulphide data to the equilibrium distribu
tion (Fig. 5). 

The saline waters at Reykjanes and Svartsengi 

•c 
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f»< 
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EQuilibrium distribution 

pure water 

, / • 

: 1 2.5 3.0 
- L o g H j S . ^ j S , 

3.5 

geoihermal 

Reykjanes 

Svorljenji 

Nnraofjoll 

25 i O 
-LoqCOj . / cO j ^ 

O Nesjovellir 

® Hveragerdi 

<to 

4 ^ , ^ ^ calculated distr ibution of C O , and H2S 
»( , - f^ 'he water and steam phases in the separa tors from 
OQ,. '^iflples were collected. The calculations arfe based 
Mji.Lr,*"^'ysed concentrat ions of total ca rbona te and total 
i<^ ' ' " 'he respective samples of water and s team. The 
r,5j,j .'^'"•'e of separat ion has been derived from the 

^ pressure in the separator assuming this pressure 

^ ^ I f c i 

•o be determined by saturated sleam. 

present a special problem ih this respect. The calcu
lated activity of carbon dioxide in the water sample 
is determined by the analysed total carbonate and 
the measured pH. The saline waters are sulphide defi
cient, so one might expect a rather good precision 
for the total carbonate determination in the water 
sample. This appears, however, not to be the case 
as is reflected in the large variation of these values 
for well 8 at Reykjanes (15-65 ppm). The measured 
pH and the analysed content of total carbonate deter
mine the calculated value of bicarbonate in the water 
sample. For the saline waters it is this value for bicar
bonate that has the greatest effect on the computed 
reservoir water pH. The measured pH of the water 
fraction in Svartsengi is 7.2-7.5 at 20°C. Reiatively 
large error in the pH measurement does not affect 
much the calculated bicarbonate concentration 
because the major part of the total carbonate is as 
bicarbonate at this pH level. The error in the bicar
bonate values is approximately proportional to the 
error in the total carbonate analysis. 

The reservoir water pH at Svartsengi has been cal
culated from a total carbonate value in the water 
sample in turn derived from the analysed carbon 
dioxide in the steam phase and the measured pH of 
the water sample assuming equiUbrium distribution 
of carbon dioxide between the two phases. The pH 
so calculated fits well with calcite saturation and 
'expected' metal/H ratios, as is discussed in a later 
section. By contrast the analytical total carbonate 
value yields a strong calcite supersaturation and a 
relatively high pH. Application of the same procedure 
to obtain the pH for the Reykjanes reservoir water 
yields rather consistent results and CaCOj activity 
product that fits with some calcite supersaturation. 
The analytical COj-data for the water samples give 
on the other hand widely varying pH values for differ
ent samples and a large range in the computed 
CaCOs activity product from strong calcite under
saturation to strong supersaturation. 

There is no reason to believe on grounds of dis
charge enthalpy and separation conditions that equi
librium distribution of volatiles is attained in the 
dilute fluids but not in the saline fluids and for H2S 
but not for CO 2. Therefore, by virtue of the good 
fit with calculated pH and calcite saturation, when 
equilibrium distribution is assumed for the calcula
tions, it is thought that the low analytical values for 
the ratio of CO2 betwee'n steam and water at Svart
sengi and the random values for Reykjanes are due 
to poor precision in the analyses of total carbonate 
in the water samples ofthe well discharges. 

GLOVER (1970) reported values for the distribution 
of CO2 and H2S between water and steam discharged 
from separators at Wairakei to be 2-7 times lower 
than the equilibrium distribution values. It is believed 
that his calculated figures may be somewhat low, 
because, as he pointed out, conversion of HCO^" into 
CO2 as flashing proceeds at lower pressure, was not 
taken into account. 
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Major cation ratios 

The temperature dependence ofthe relative concen
trations of the major cations (Na, K, Ca) in geother
mal waters has been discussed repeatedly in the litera
ture (see e.g. FOURNIER and TRUESDELL 1973). For this 

reason a detailed discussion will not be given here 
for the Icelandic geothermal waters. 

The cationie ratios ofthe dilute and saline Icelandic 
geothermal waters are such that empirical NaK- and 
NaKCa-geothermometers (see TRUESDELL, 1975) yield 

temperature values that fit well with quartz equiUb
rium temperatures and measured downhole tempera
tures (Table 2, Fig. 4). Yet the potassium content of 
the Reykjanes geothermal sea-water is somewhat low. 
This is thought to be due to insufficient amount of 
potassium in the rock available for leaching to main
tain equilibrium with the sodium and calcium concen
trations (ARN6RSSON, 1978a). 

Cold ground waters in Iceland are normally much 
lower in sodium and potassium than the dilute geo
thermal waters, but higher in calcium and magne
sium. The relative concentrations of these major 
cations in the dilute geothermal waiers are therefore 
attained by leaching of sodium and potassium from 
the rock and by loss of calcium and magnesium from 
solution. By contrast, the saline geothermal waters, 
which have derived their salinity from sea-water, 
obtain their major cation ratios by leaching of cal
cium and potassium from the rock and by strong de
pletion of magnesium and slight depletion of sodium 
from solution. The attaiimient of fixed cationie ratios 
at a given temperature by different reaction trends 
between water and rock, suggest that these distribu
tions represent an equilibrium distribution. Individual 
cation ratios can be derived from their relation to 
hydrogen ions presented in Fig. 6. 

The pH of the reservoir waler 

TTie calculated pH of the saline reservoir waters 
at Reykjanes and Svartsengi is about 5.8 and 5.5 re
spectively, but it lies in the range 6.7-7.7 for indivi
dual samples of the dilute waters of the Hengill and 
Namafjall areas. In calculating the pH of the saline 
waters, the total carbonate in the waler sample was 
obtained from the measured CO2 in the steam, the 
measured water sample pH and assuming equilibrium 
distribution of carbon dioxide between the two 
phases, but not from the analytical values of total 
carbonate in the water sample. The analytical values 
are considered unreliable as discussed previously 
and yield widely varying pH values for the Reykjanes 
reservoir water (5.3-6.1; average of 6 samples 5.7) and 
systematically higher values (0.6-1.0 pH units) for the 
Svartsengi waters. 

Oflhe dilute waters, Hveragerdi has the lowest pH, 
or 6.87 (average of 7 analyses from 2 wells; range 
6.73-7.03). The reservoir water feeding the Hveragerdi 
wells has not flashed in the aquifer. Flashing occurs 
in the aquifers in Namafjall and Nesjavellir (northeast 
Hengill). where the average pH is 7.33 (22 analyses 
from 6 wells; range 6.98-7.69) and 7.27 (3 analyses 

from 1 well; range 7.12-7.41) respectively. The IQ-
pH values at Namafjall correspond to the well L 
by the hottest aquifer and containing the highen 
concentrations. The highest pH values correspond 
the other hand to the shallowest well, which ij 
by the coldest aquifer. 

At Namafjall the underground temperature foiu 
approximately the boiling point curve (Fig 4), a i ^ 
to the level of the deepest wells. At Nesjavellir a (^ 
perature maximum of 284°C is observed at lOor, 
depth. Nesjavellir is on the boundary of the Hec, 
area. It seems likely that some separation of S t { ^ 

has occured in the aquifer feeding the wells in (W-
areas, so the total well discharges are somewhat 
depleted relative to the unflashed reservoir v i^ 
This will cause the calculated pH to be higher iŝ . 
the actual pH of the unflashed reservoir waler. tl, 
creasing quartz equilibrium temperatures for wtf 
at Reykjanes indicates flashing in the aquifer, exp^ 
ing, it is believed, why the calculated pH of the Rê ^ 
janes water is somewhat higher than that at Svf 
sengi. 

Reactions influencing reservoir water pH 

During alteration of the basaltic rock in the IctJe 
die high-temperature systems various hydrated sa 
cates form, which may participate in ionic exchj:-
equilibria governing the relative activities of ^ 
cations and protons in solution. Such rninerals no-ji 
include zeolites and the layered silicates, smeaiie e^ 
chlorite. The chemical composition of these minsift; 
and their polential role is not known, so it caoaj 
be concluded at this stage what their role is- in dot 
mining the pH of the associated geothermal waic 
According to MAHON (1970) the pH of the New Zo 

land geothermal waters is mainly controlled ^ 
K-mica and K-feldspar. Neither of these minai 
have been observed in the Icelandic geothermal 6nj 

In quantitative terms smectite and chlorite are il 
most important alteration minerals in the Icebni. 
geothermal fields. Because of their wide distribuiti 
and abundance, and the possibility that chloii 
always forms via smectite, it seems likely that adsar 
tion of cations and prolonated water moleais 
between the layers of smectites are important in der 
mining the pH of the geothermal waters. I«t 
exchange reaction of this kind is expressed b) '.e 
following equation: 

(u -\- X -i- y + z)iMg^'^ -f solid 
= uNa* -h- xH+ -I- >'K* -i- ziCa^"^ -1- solid. 

The values of v, x, y and z depend on the stoAr 
metry of the reaction, which in turn is deicnm:* 
by the composition ofthe minerals involved. An «• 
librium consiant for equation (6) can be exprW 
as 

, f , Na , K 
log K = u log - j ^ + }' log — 

+ ' log ^ - ^ -{v-\- X + y -̂  z) log - ^ 

^ value of K 
' 7 dependent 

1!,cs insign'fi 
' ,v vary wi 
;^iture by vir 

fci interpret 
^^lemperatu 
'AJS have bee 
^ -d data fror 
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^ t l is obtair 
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^'j^^ticularily 
^ '̂n. The resu 
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fbe ralue of K, the equilibrium constant, is tempera-
ti.'c dependent. If the standard heat of the reaction 
ijnes insignificantly with temperature, log K will 
c.-npt>" vary with the reciprocal of the absolute tem
perature by virtue of the van't HoPf equation 

(8) 
d(l/T) 4.5758' 

For interpretation of the metal/proton ratios of the 
t-jh-iemperature waters, the data from the wet-steam 
»dls have been supported with additional unpub-
bhcd data from the low-temperature areas in Iceland. 
It is seen that a temperature relationship of the kind 
ctprcssed by the van't Hoff equation (for H", = con-
(tint) is obtained for Na/H, K/H, and ^Ca/H (Fig. 
6). Mg ratios have not been studied. The relationship 
a pariicularily good for y/CafH, but it is poorest for 
K,H. The results presented in Fig. 6, which demon-
uraic the log metal/H relationships with l/T for the 
low-temperature waters are taken to indicate that the 
pH of these waters is governed by ionic exchange 
evjuilibria. 

The high- and low-temperature data as plotted in 
Fig. 6 are not exactly comparable. The former are 
fejstti on ion activities but the latter on total concen
iralions of the cations, because computed activity 
nlues are not yet available for these data. The pH 
of the low-temperature data is, however, computed 
-•nJ refers to conductive cooling for springs and wells 
*^ a temperature derived from the silica content of 
' ^ water assuming equilibrium with chalcedony 
WRNORSSON unpublished work). The assumption of 
OMductive cooling seems to be sound when measured 
'""peratures in hot-springs are below about 95°C. 

It appears, however, that high pH values are obtained 
for boiling springs as is reflected in relatively high 
metal/proton ratios of some points in the temperature 
interval of 100-150°C. Since underground tempera
tures are below about 150°C in the low-temperature 
areas flashing is confined to the uppermost 40 m or 
so. For the chemistry of the low-temperature waters, 
preliminary calculations show that the deep water pH 
would not be lowered by more than 0.5 units if maxi
mum degassing was assumed instead of conductive 
cooling. 

If cation concentrations for the low-temperature 
data were replaced by free cation activities the rele
vant points in Fig. 6 would be shifted down, particu
larly for calcium. At a temperature of 1000/T = 2 
(227''C) this would amount to some O.l units for log 
Na/H and log K/H for the ionic strength of the low-
temperature waters, but of the order of 0.6 units for 
log yJCa/H. The dashed lines in Fig. 6 indicate the 
approximate position of the best fit line through the 
low-temperature data, if cation concentrations were 
replaced by cation activities. Extrapolation of the 
dashed line shows that the Hveragerdi and Svartsengi 
waters have metal/H ratios comparable with the low-
temperature waters, if the effect of temperature is 
eliminated. Other high-temperature waters (Reyk
janes, Namafjall, Nesjavellir), including one analysis 
from Wairakei, obtained from TRUESDELL and 
SINGERS (1974), show higher metal/H ratios. As was 
mentioned earlier the temperature/depth relationships 
are such in Hveragerdi and Svartsengi that the water 
feeding the wells has not flashed in the aquifer. The 
calculated pH for the reservoir waters in these areas 
is believed to present equilibrium values for the 
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hydrogen ion activity relative to the activities of other 
cations in solution. The higher metal/H ratios for the 
Reykjanes, NamaQall and Nesjavellir waters are 
explained by the influence of flashing in the aquifer 
and simultaneous loss of some steam (and gas) from 
the fluid entering the wells. Depletion of gas has such 
an effect on the computer calculations that a high 
pH is obtained relative to that of the unflashed reser
voir water. 

The difference of the plotted metal/H values for 
the flashed high-temperature waters and the extrapo
lated line from the low-temperature data varies with 
the cation. It is largest for potassium but smallest 
for calcium. Removal of calcium from solution by cal
cite precipitation, which accompanies the flashing 
process, could not account for the low -JC&fti values 
compared with those of K/H. It is believed that this 
may reflect different rate of re-equilibration for the 
different cations to satisfy the new pH conditions. 
Calcium re-equilibrates fastest but potassium slowest. 
In this respect it may be mentioned that reactions 
caused by flashing could yield too high temperature 
values from the NaK- and NaKCa-geothermometers, 
because of removal of sodium and calcium from solu
tion in excess of potassium. 

Calcite saturation 

Calcite is an abundant geothermal mineral in the 
upflow zones of the high-temperature geothermal 
fields where flashing occurs (BJORNSSON et al., 1972; 
GfsLASON, 1973; KRiSTMANNSObrriR, pers. comm.). 
It may amount to 10-20% of the rock by volume. 
Below the flashing .zone calcite is much less abundant 
(1-2%) (BJORNSSON et al., 1972). During flashing the 
activity of COf" in the water increases sharply, des

pite a decrease in its total carbonate content. T|j-
is due to the increase in the pH of the water causa: 
by the transfer of carbon dioxide and hydrogen sw 
phide into the steam. The increase in the activity ^ 
C O | " is always sufficient to bring about supersaiĵ  
ration in an originally saturated solution, at least du; 
ing the early stages of flashing (ARN6RSSON, 197̂  
Therefore, flashed reservoir waters may be caK 
supersaturated, at least if precipitation rates are oj, 
sufficient to restore equilibrium. 

The Hveragerdi and Svartsengi waters fall just Q. 
the calcite solubility curve, but flashing, and thercfo,. 
degassing, does not occur in the aquifers feeding Q̂  
wells in these areas. On the other hand the comput 
CaCOs activity product for the wells at Nama^j; 
Nesjavellir, and Reykjanes plots on the supersai; 
ration side of the calcite solubility curve (Fig 71 
As was pointed out earlier, flashing occurs in t, 
aquifers feeding the wells in these areas. Some sepj-
ation of steam (and gas) in the aquifers is belie\j 
to occur from the fluid entering these wells as tt 
indeed been demonstrated for Namafjall (ARN6RSK̂  
1978b). Such loss of steam will cause the total \,. 
discharges to become lower in gas than the unflash; 
reservoir water. The outcome is that the calculatio: 
will yield some supersaturation, if the unflashed wst 
was just saturated. At Namafjall the degassing t, 
strongest for the coolest and shallowest aquifers. H^ 
the calculated calcite supersaturation is also larpi 

The calculated calcite supersaturation has n; 
resulted from the use of an erroneous reference tes 
perature, as might be suspected, but it was poiir̂ ; 
out earlier that quartz equilibrium temperatures r 
expected to be lower than the temperatures of ti 
unflashed reservoir water, if flashing occurs in 
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Fig. 7. A graphic illustration of the stale of (A) calcite-, (B) anhydrite-, and (C) fluorite-saturation 
in high-lemperalure geoihermal waiers in Iceland. The reference lemperalure is that of equilibrium 
with quartz ( t ,J The plotted points represent averages of 1-8 samples displaying a narrow range 
of lq„. Due to uncertainly in the validity of the quartz equilibrium temperature, the respective ion 
activity products have been calculated for selected samples at higher and lower lemperalures, repre
sented by the solid and dashed lines. The dashed lines correspond to conductive cooling above the 
quarlz equilibrium lemperalure. The solid lines correspond to one step adiabatic flashing. The reservoir 
waler compositions, which the latter set of calculations are based on, are variable. These compositions, 
for each given reference lemperature are derived from equations (2) and (3). The value of X (the 
steam fraction in Ihe discharge) in these equations is determined by the respective reference lemperalure. 
The solubility data for calcite, anhydrite and fluorite have been oblained from HELGISON (1969), BLOUNI 
and DICKSON (1969), and NORDSTROM and JENNE (1977) respectively. The Wairakei data are from 
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muifcr due to silica precipitation. The solid and 
iohcd lines in Fig. 7A show how the computed 
CJCOJ activity product of two selected samples 
istta with an arbitrarily selected reference tempera-
rufe for one step adiabatic flashing and conductive 
cooling respectively. For both dilute and saline 
«iias. a relatively large variation in the reference 
(rtnpcraiure does not significantly affect the fit of the 
ct.<mpuied CaCOj activity product with the calcite 
Kjlubility curve. 

The interpretation which is favoured here, is that 
ihc unflashed geothermal reservoir waters are always 
(u>i alcite saturated. Loss of gas by some steam sep-
iruiion underground at Namafjall, Nesjavellir and 
Raltjanes is responsible for the calculated value of 
the CaCOj activity product of these waters which 
wrrtsponds to supersaturation. 

.inhyjrite saturation 

The saline waters at Reykjanes and Svartsengi are 
|wi saturated with anhydrite at the quartz equilib-
num lemperature but the dilute waters are somewhat 
ondcrsaiurated (Fig. 7B). Sea-water, the parent fluid 
of the saline geothermal waters, is somewhat under-
wturated with respect to anhydrite. Slight heating is, 
iwever, suflicient to produce saturation. Sea-water 
contains much higher concentrations of sulphate than 
'he saline geothermal waters, or about 2500 ppm as 
compared with some 20 ppm. Saturation is main-
iJincd upon further heating by anhydrite precipi-
^toti as is indicated by the lowering of the sulphate 
""iicnts from that of the original sea-water. 

Anhydrite is abundant locally in the rocks of the 
"pftow zone of the Reykjanes area (BJORNSSON et ai , 
' ' '0). It is thought that this anhydrite has precipi-
•"«d from cold sea-water-groundwater, which sur-
'"""ds the upflow zone, during intermittent invasion 

•his water into the geothermal system and sub-
'*M«cni heating. Tectonic movements, which open the 
""Permeable cap of altered vesicle-filled rock envel-
"V't^ the upflow zone, give passage of the sea-water-
Pwindwater into the geothermal system. Dissolution 

anhydrite thus formed is believed to maintain an-
• lie saturation of the. cooling, ascending saline 

P^hcrmal water. 
••vihydriie has not been reported in the altered rock 

. dilute water geothermal systems. It is, however, 
T^ îDle that anhydrite saturation exists at levels 
" ^ r than penetrated by the drillholes and that un-
"^'^luration is produced by cooling in the upflow 

• | t . '"' ' ' insufTicient oxidation of sulphide and insuf-
| * ^ t leaching of calcium and sulphate from the rock 
Pui*^""*'" ^^^"'•^''O"- If this were the case, the com-

temperature of anhydrite saturation could be 
^ as a geothermometer 
i|. ^ ^'"* and dashed lines in Fig. 7B show how 
^ abO^ activity product varies with temperature 

0 selected samples for one step adiabatic flash-
'•Oh r "^""ductive cooling respectively. The intersec-

•hese lines with the anhydrite solubility curve 

gives an indication of the temperature of anhydrite 
saturation. It is 320-340°C for Namafjall and some 
300°C for Nesjavellir and Hveragerdi. Only solute-
solute reactions were considered in calculating the 
CaSOi activity product 'lines'. If the ionic exchange 
reactions, discussed previously, had also been con
sidered, a lower water pH would have been obtained 
and therefore lower SO J" activities, because higher 
portion of the sulphate would be as bisulphate 
(HSO4). Therefore the CaSO* activity product 'lines' 
in Fig. 7B represent maximum values, i.e. minimum 
temperature values for anhydrite saturation. It is of 
particular interest to reveal, if the temperature of an
hydrite saturation could be used as a geotherm
ometer. 

It is certainly possible that the mobility of sulphate 
in the dilute geothermal waters is not limited by an
hydrite solubility below the upflow zone but by the 
following redox equilibrium with sulphide: 

4H2O -t- H2S = s o l ' -f 4H2 -t- 2H*. 

The mobility of H2S, H* and Hj are not expected 
to vary independently since they are involved in other 
mineral/solute equilibria. Further study is needed on 
the possible effect of this reaction on sulphate mobi
lity. 

Factors affecting the mobility of fluoride 

All the high-temperature waters are considerably 
fluorite undersaturated according to the fluorite solu
bility values of NORDSTROM and JENNE (1977) and 
other fluorite solubility data (Fig. 7C). The CaFj ac
tivity products ofthe Icelandic waters are much lower 
than that of the only sample from Wairakei, New 
Zealand, which is plotted in Fig. 7C. The Wairakei 
sample yields a CaFj activity product that fits rather 
well with fluorite saturation according to the solu
bility data of NORDSTROM and JENNE (1977). 

As can be seen from Fig. 7C, the plotted points 
for the CaF2 activity product fall roughly on a line 
running parallel with the fluorite solubility curve. The 
saline geothermal waters contain roughly ten times 
less fluorine than sea-water so this element has evi
dently been lost from solution upon heating of the 
sea-water and its development into a geothermal 
brine. On the other hand the fluorine in the dilute 
geothermal waters is much higher than in their parent 
fluid, cold groundwater of meteoric origin. Cold 
groundwaters in Iceland contain generally less than 
0.05 ppm of fluorine. This increase in flourine has pre
sumably resulted from leaching of this element from 
the rock by the hot water. Increase in fluorine in one 
type of water and decrease in the other type, which 
leads to the same CaFj activity product at a given 
temperature might suggest that the calcium and fluor
ide activities are limited by mineral solubility. This 
is, however, by no means certain. As discussed pre
viously (Fig. 6C), the ratio of JCafH is approxi
mately constant at a given temperature. By virtue of 
this relationship and since (H*) (OH") = dK,., it can 
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be shown that a constant CaF^ activity product at 
a given temperature, could simply be a consequence 
of constant F " / O H " for a given temperature. Hence 
the explanation is favoured that the fluoride activity 
of the Icelandic geothermal waters, included in this 
study, is governed by an ionic exchange equihbrium 
with hydroxide ions. The fluoride would replace some 
of the hydroxyl groups of the layered geothermal siU-
cates such as smectite and chloride. These waters are 
all associated with basaltic rocks. 

It is well known that acid volcanic rocks contain 
much more fluorine than basaltic rocks. Upon alter
ation of the rock the fluorine is transferred into solu
tion. It seems possible that the quantity released from 
acid rocks is suflFicient to saturate the respective 
layered silicates, so that the fluoride concentrations 
in solution will build up until fluorite saturation is 
reached. This explanation is compatible with the fact 
that the CaFj activity product ofthe Wairakei sample 
plotted in Fig. 7C fits rather well with fluorite satu
ration, but the geothermal reservoir at Wairakei is 
situated in acid volcanic rock formations. This 
explanation also conforms with the conclusions of 
NORDSTROM and JENNE (1977) that the fluoride raobi-
hty of unmixed geothermal waters in the western 
United States is controlled by fluorite solubility, and 
the fact that thermal waters in Iceland located in acid 
rocks possess much higher CaFj activity product 
than water of comparable temperatures issuing from 
basaltic rocks. 

DISCUSSION 

In the foregoing discussion it has been demon
strated how the distribution ofthe major cations, Na, 
K, Ca and hydrogen ion is controlled by ionic 
exchange equilibria, how silica mobility is governed 
by quartz solubility, carbonate (COI") by calcite 
solubility, and fluoride (F") apparently by an ionic 
exchange reaction. According to AIIN6RSSON (1978a) 
it also seems likely that Mg^* activities are controlled 
by ionic exchange equilibria. Some uncertainty exists 
regarding factors limiting the sulphate mobiUty. The 
nature of the analytical data indicates, however, that 
chemical equilibria with minerals and/or other solutes 
exert a limiting mobility on this constituent in the 
water. Accordingly chemical equilibria involving in
teraction of the water with geothermal minerals, 
determine the mobility of nine (SiOi, pH, Na, K, Ca, 
Mg, CO2 total, SO4, F) of the eleven major com
ponents in the geothermal waters. The remaining 
major components are H2S (total) and Cl. 

Unpublished work by the first author indicates that 
the high-temperature geothermal waters are pyrrho
tite saturated. It seems, however, unlikely that the 
solubility of this mineral will determine the iron con
centration in the water. An ionic exchange equilib
rium seems more likely. If this is so, the pyrrhotite 
solubility and an ionic exchange reaction fix together 
the S^" activity in the water and the HjS (total) ac
tivity in conjunction wilh fhe ionic exchange equilib

rium governing the water pH. The concentrations of 
Cl in the water is only determined by its supply jj 
the geothermal system whether h is leaching or sea. 
water, since this element is not expected to be incor. 
porated in the geothermal minerals, which precipitajt 
from the water (see ELLIS and MAHON, 1964; 1967ĵ  

If we take all these mineral-solute chemical equilj. 
bria for granted, it turns out that the major elemem 
composition of the unflashed, deep, high-temperaturf 
geothermal waters is controlled by two independent 
variables only. They are temperature and the supply 
to the water of the incompatible element chlorine 
incompatible indicating that this element is not in. 
corporated in the geothermal minerals. The effect ^ 
temperature is complicated. It lies mostly in its in. 
fluence on the value of the various equilibrium coo. 
slants describing the relevant solute-solute an(! 
mineral-solute chemical equilibria, but it may also 
affect leacing of chlorine from the rock. A large sup. 
ply of chlorine leads to high concentrations of tha 
element in the water, whether it is sea-water, chlorine, 
rich rock, or magmatic source. Apart from the varioio 
chemical equilibria, it is the amount of chlorine tha; 
goes into solution that mostly governs the absolui; 
concentrations of the major cations in solulioii 
although the ionic exchange equilibria determine thtr 
relative distributiori. 

The low chlorine content of the Icelandic basahj 
(SlGVALDASON and OSKARSSON, 1976) may explain tit 
low concentrations of this element in the dilute geo
thermal waters. Insufficient supply of the maja 
cations are not believed to be a limiting factor E 
determining the salinity of Ihe geothermal waten 
except possibly for potassium for some of the geothe
mal sea-waters as is indicated by the Reykjanes dau 
Otherwise, these cations are present in plentift' 
amounts in the silicates of the original rock and an 
released upon their disintegration and will go ini: 
solution to an extent determined by the supply 0 
anions with which they form relatively soluble salu 

Tlie chemical equilibria in the high-temperatai 
geothermal systems are upset in the upflow zone 
where degassing occurs and the water cools eithc 
by flashing or conduction. Mixing with cold wair 
on the boundaries ofthe upflow zones may also upsr 
these chemical equilibria, but it is thought that mi»it! 
is generally of less importance in upsetting these eqs 
libria Ihan degassing and cooling. 
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Natural concentrations of mercury in Iceland 
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Abstract—^The results are presented of a survey of mercury concentrations in various parts of the 
Icelandic environmenL Values for air and gas samples include: <0.03 fig/m^ for Reykjavik, 15-20 km 
away from a hydrolhermal area; 1-3 ^g/m' for air in a hydrolhermal area near Lake Myvatn; 12-30 
^g/m^ for air in Heimaey during the 1973 eruption; and 16 iigjm^ for a sample of fumarole gas. 
Values for fresh igneous rocks, of various compositions, extrusive (subaerial), subaqueous (up to 3(XX) m 
depth), and intrusive, range between 2 and 9 ppb. Highest values obtained for uncontaminated samples 
are 37 ppb for a pyrite-bearing zone in a hydrothermal drill hole, and 125 ppb for a volcanic sublimate. 
The sources of the mercury levels observed are briefly discussed. 

INTRODUCTION 

THIS PAPER reports the results of a survey of the distri
bution and geochemical behaviour of mercury in Ice
land. The data may be grouped into four main 
classes: (1) atmospheric and natural water samples, 
to indicate the baseline mercury concentration in Ice
land; (2) atmospheric samples taken during a volcanic 
eruption and samples of thermal gases, to study, in 
a qualitative way, the actual mercury emission from 
a volcanic and a hydrothermal system; (3) mercury 
contents of subaerial lavas, to obtain an idea of the 
average crustal mercury content in an area built up 
entirely by volcanic rocks; (4) mercury contents of 
volcanic rocks which, due to special environmental 
conditions, may have retained some or ail of their 
initial mercury. 

The range of mercury values reported in the litera
ture for various parts of the world ranges from frac
tions of a ppb in natural waters to hundreds of ppm 
in rocks from some areas. The baseline values for 
mercury have been set at 0.001-0.01 /ig/m' for unpol
luted air (MCCARTHY et ai , 1970), and 0.1 ppb, or 
less, in natural waters (WERSHAW, 1970). RANKAMA 
and SAHAMA (1950) stated that the average mercury 
concentration of igneous rocks at the Earth's surface 
is 77 ppb. EHMAN and LOVERING (1967) felt that this 
value was too high and placed the average below 
40 ppb. 

Much of the work done on mercury has been as
sociated with economic mineral deposits or with en-

.vironmental pollution. ESHLEMAN et al. (1971) showed 
that Hawaiian volcanism is a natural source of mer
cury pollution. Time variable mercury anomalies have 
been discovered in the bottom waters of the Mid-

• Present address: Department of Chemistry, Yale Uni
versity, New Haven, Mass., U.S.A. 

t A detailed description of analytical procedure, and a 
discussion of sensitivity, accuracy and precision of the 
measurements, is available from the second author upon 
request. 

Atlantic Ridge rift valley (CARR et al., 1974, 1975). 
High atmospheric mercury concentrations have also 
been reported during active Icelandic volcanism 
(OLAFSSON, 1975). WHITE et al. (1970) have shown 
mercury to exist in higher than nonnal concentrations 
in and around geothermal areas. SIEGEL et al. (1973) 
have found high atmospheric merciu7 concentrations 
all over Iceland, especially at geothermal areas. The 
reported data on mercury values for Icelandic natural 
waters and igneous rocks is sparse. 

ANALYTICAL PROCEDUREt 

All analyses were carried out on a Coleman Instruments 
MAS 50 mercury analysis system based on the method 
developed by HATCH and Orr (1968). The system is 
designed to read directly in ng Hg ifa 100 ml liquid sample 
is used and the analysis is carried out in a 300 ml Biologi
cal Oxygen Demand (BOD) bottle. Modifications of this 
method were used for the analysis of gas and solid samples 
where it was found convenient to employ directly 200 ml 
bottles of polyethylene instead of the standard BOD bot
tles. The lower limit of detection for the MAS 50 was found 
to be 1-2 ppb Hg (or 0.1 ^g/I for 100 ml liquid samples), 
and the response of the instrument linear within the con
centration range observed in this study (cf. GATEHOUSE and 
WaLis, 1961; VOGEU 1961; BUTLER and KOKOT, 1971). 

Gaseous samples were collected by drawing them 
through a trap of concentrated HNO3. For analysis 10 ml 
aliquots were removed and diluted to 100 ml with distilled 
water. 

Water-soluble volcanic sublimates from lava surfaces 
were weighed out and dissolved directly in IOO ml distilled 
water in the BOD bottle. 

For the rock samples a 'cold' solution process was 
devised: The sample was crushed to a powder S100 mesh 
and dissolved in acids under oxidizing conditions: 2.000g 
portions were weighed out and transferred directly to 
200 ml polyethylene bottles and the following solutions 
added: (1) 8 ml of 5% KMnO*. (2) 20 ml of 1:1, 5.6 N 
HN03:18N HjSO«, (3) 20 ml of 40% HF. The bottles 
were quickly sealed and placed in a water.bath to minimize 
heating caused by an exothermic reaction at this stage. 
Then they were placed on a shaking machine for 2-3 hr 
and allowed to stand overnight. On the following day, 
50 ml of saturated boric acid solution was added to com
plex any excess fluoride, and the bottles cooled again. The 
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excess KMnO* was reduced with 5 ml of 1.5% hydroxyla-
mine hydrochloride, and the mercury (present in solution 
as Hg'*) was reduced to metallic Hg° by the addition 
of 5 ml of 10% stannous chloride. The bubbler apparatus 
was inserted immediately after the addition of SnCl2-

Reagenl blanks were carried through during all analyses. 
In the case of rock samples reagent blanks and reference 
standard rock powder were carried through the solution 
process (in triplicate) along with Ihe samples. For a refer
ence standard a rock was selected containing a relatively 
high level of mercury, the concentration of which was accu
rately determined by the method of standard addilion. 

SAMPLE CONTAMINATION 

Analyses carried out on rock powders that had 
been stored in the laboratory in sealed plastic jars, 
some for periods in excess of 10 yr, gave inconsistent 
results, for example: twelve samples from the Askja 
1961 lava flow (THORARINSSON and SIGVALDASON, 
1962) ranged from 9 to 116ppb; twelve analyses of 
samples from the 1973 Heimaey lava (THORARINSSON 
et al , 1973) gave values from 1 to 72 ppb. The USGS 
standards G-1 and GSP-1 both gave values about 
1000 ppb; according to FLEISCHER (1970) the average 
of seven values for G-1 is 155 ppb (range 70-340), 
and of five values for GSP-1 20 ppb (range 15-41). 
MCNEAL et a l (1972) have demonstrated inhomo
geneity of the USGS standards with respect to mer
cury, and both FLEISCHER (1970) and MCNEAL et a l 

(1972) have suggested contamination during storage 
as a possible cause for such inhomogeneity. This 
suggestion was substantiated by the analysis of freshly 
crushed rocks compared with the same rock stored 
as a powder; almost invariably the freshly crushed 
sample had a lower mercury content than the stored 
counterpart. 

The contamination of at least some of the samples 
may be traced to surficial absorption of mercury from 
the atmosphere at the site of eruption, or in the prox
imity of geothermal activity. High levels of atmos
pheric mercury were measured during the 1973 Hei
maey eruption (OLAFSSON, 1975; CARR and WILKNISS, 
personal communication to S. Steinthorsson; data in 
this work—see Table 1), and also during the recent 
Hawaiian volcanism (ESHLEMAN et al, 1971). DifTerenl 
portions of such a sample would contain different 
amounts of mercury. This is almost certainly the case 
with a tephra collected at Biirfell, as it fell, during 
the initial phase of the 1970 Hekia eruption (THORAR
INSSON and SlGVALDASON, 1972). The Biirfell tephra 
was used as the reference rock standard during these 
experiments. SIEGEL et a l (1973) reported 375 ppb of 
readily water-soluble mercury from this tephra 
sample. Two separate portions of this tephra, freshly 
crushed and homogenized at differeni times, showed 
values of 91 and 160 ppb Hg. Thus, the mercury 
seems to be heterogeneously distributed throughout 

Table 1. Data 

Sample 
[Hg] 

(PS/mn Remarks 

Heimaey 

Leirhniikur 

1. 
2. 
3. 
4. 
5. 
6. 
7. 

Reykjavik air N.D. ( 

Rivers N.D. 

26.8 
27.4 
12.3 
12.1 
19.7 
19.1 

1.8 
1.6 
1.3 

15.8 
2.7 
1.2 
1.0 

<0.03 psfnt 

(<0.1 ^g/1) 
Ukes N.D. (<0.1 pg/\) 

r\\,irg^e 
LfyKCS 

HOF40 
HOF40 
KAL62 

Basaltic pillow 

[Hg] 
(ppb) 

2 
4 
2 

3 
3 
5 
2 

Air samples 
Collected in Heimaey town downwind from the volcano during erup
tion, on Feb. 3-5 1973. Duplicate samples taken at three different 
sites. Each value is the average of three determinations 

Krafla area (all are air samples except no. 4). Active geothermal 
area—sile of recent eruption, Dec. 20, 1975 
Hverarond fumarole area 
Bjarnarflag geoihermal area, well no. 4. 
Bjarnarflag, steam explosion crater near well no. 4 
Fumarole gas—fumarole ca. 5(X) m norlh of Krafla power plant 
Air sample, same location as no. 4 above 
Air sample at Reynihlid 
Air sample at Reynihild 

Natural Waters 
10 samples 
6 samples 

Igneous rocks 
Dense, fine-grained, feldspathic basalts, collected in S.E Iceland 
chilled glass rim 
crystalline center 
crystalline center 
Erupted subglacially. collected at Kalfstindar, S. Iceland 
glassy rim 
cryslalline center 
assorted glass from pillow rims 
center of pillow 
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Table 1.—continued 

Sample 
[Hg] 
(ppb) Remarks 

Abyssal basalts 
432-D-lI-l ' 

432-D V-2* 

L-72-9 A* 

L-72-10 A» 

L-7I-18-lt 

L-7I-I9-lt 

BI3-74-54J 

Basalts 
Obsidian (A-TH)|| 
Granite 
Gneiss 
Gabbro (B-GA)|| 
Minerals: 

anorthosite (B-PL)|| 
pyroxene 
olivine 

Krafla drill hole samples: 

78 m 
98 m 

104 m 
448 m • 

1440 m 
Pyrite analysis: 

5 
4 
5 

10 
6 

3 
9 
5 

7 
37 
10 
9 
9 

pyrite 20 
surrounding matrix 10 

Volcanic sublimates: 
Askja 1961 125 
Heimaey 1973 IOO 
Hek la 1970 65 

Jan M a y e n Rock su i t e : 
J a n . 149 rhyol i te 13 
J a n . 35 t r achy te 10 
J a n . 82 t r i s tan i ie 17 
J a n . ' 7 1 basa l t ic t r i s tan i ie 9 
J a n . 46 alkal i basal t 14 
Jan . 166 a n k a r a m i t e 11 

M i d - A t l a n t i c ( M A R ) a n d Kolbe insey (KR) Ridges 
o l iv ine tholei i te , d e p t h 2500-2782 m, M A R , smal l vesicles (-^1 mm) , 
40»24 'N 29°33 'W 
ol iv ine tholei i te , d e p t h 2800-2940 m, M A R , smal l vesicles, 40°28 'N 
29°82 'W 
K o l b e i n s e y Ridge, ol ivine tholeii te pi l low, d e p t h 575-620 m, 
67 ' '58.5 'N 18°23.6'W 
crys ta l l ine center 
glassy rim 
K R , s a m p l e m a y have been pillow fragmenL B o t h glassy a n d crys ta l 
line a r e a s p r e s e n t dep th 875-1100 m, 68°30.0 'N 17' '19.4'W 
glassy a r e a 
c rys ta l l ine a r e a 
M A R , q u a r t z tholeiite,§ 15 c m core taken t h r o u g h pi l low. Very vesi
cu la r , d e p t h 200 m, 6 3 ° 3 2 5 ' N 23°39.9 'W (see B R O O K S et a l , 1974, 
for c o m p l e t e analysis) 
t o p 5 c m of c o r e 
m i d d l e 5 c m of co re 
b o t t o m 5 c m of co re 
M A R , o l iv ine tholeii te, very ves i cu la r D e p t h 68 m 63.25.2 'N 
23°52.3 'W (see JAKOBSSON, 1974, for c o m p l e t e analysis) 

K R , thole i i te , 15 c m c o r e taken . Very vesicular , a l t e red by sea water . 
C o l o u r reddish b rown . D e p t h 200 m, 67 ' '04 'N 18°43 'W 
t o p 5 c m of co re 
midd l e 5 c m of c o r e 
b o i t o m 5 c m of co re 

Misce l laneous Samples 

Ave rage of 14 Icelandic basal ls (Range 1-13) 
H r a f n t i n n u h r y g g u r 
F r o m Sweden 
F r o m G r e e n l a n d (erratic) 
Hoffell 

H r a p p s e y 
Jan M a y e n (phenocrys t s separa ted from a n k a r a m i t e ) 
B u d a h r a u n ( separa ted from alkal i olivine basa l l ) 
S a m p l e s t aken d u r i n g dri l l ing J u n e - J u l y 1975. S a m p l e from 98 m 
very r educ ing . Visible a m o u n t s of pyrite 

Al tered s a m p l e from Hvannag i l , S.E. Ice land ; p u r e pyr i te p icked from 
c r u s h e d s a m p l e 

W a t e r - s o l u b l e salts (average of 3 trials) 
( R a n g e 124-126) 
(Range 86-121) 
(Range 60-69) 
Stored powders—contamination possible 

17 

]i 
-'i. 

• Collected during cruise of R.V. Akademik Kurchatov, 
t Collected during cruises of R.V. tync/i 1971 and 1972. 
X Sample brought up by trawl net. 
§The difference between the quarlz tholeiite and the olivine tholeiites is very slight; both are very 

close to the zero line between quartz and olivine normative. 
II Symbols denote rock standards used in the Science Institute laboratory. 
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TEWERATURE I'C) 
Fig. 1. Volatilization of mercury as a function of lemperature. The samples were held at each tempera
ture for 1 hr. \, Lava from the 1973 Heimaey eruption {VMG 9, cf THORARINSSON et al, 1973). The 
sample was stored in the laboratory in powder form since 1973. 2. Freshly crushed portion of same 
sample (VMG 9). 3. Freshly crushed lava from Namaljall, North Iceland. 4. Lava from the Askja 
1961 eruption (cf. THORARINSSON and SIGVALDASON, 1962). TTie sample (A-6) was stored as powder 

in the laboratory since 1962. 

this single tephra sample primarily as a surface 
phenomenon. Volcanic sublimates, from the surface 
of cooling lava and collected from the lavas of three 
different eruptions, contained amounts of mercury 
ranging from 65 to 125 ppb (see Table 1). This could 
be explained as the incorporation of mercury present 
in the atmosphere at the time of accretion and cool
ing. 

Heating experiments were performed on both 
stored powders of relatively high mercury contents 
and freshly crushed powders. Distinct differences are 
evident in the manner in which mercury is volatilized 
as a function of temperature. In Fig. 1, powders 1 
and 2 are from the same rock sample. Despite the 
large initial difference between the two samples, after 
most of the surface mercury is volatilized from the 
stored sample, the two lines converge reasonably well. 
The freshly crushed sample shows consistently low 
mercury values throughout the temperature range in
dicating little, if any, readily volatilized surficial mer
cury. Powders 3 and 4 show a similar situation but 
here the two powders are from different rock samples. 
Again, the two hnes converge as the surficial'mercury 
is volatilized. The freshly crushed powder also lost 
some mercury between 50 and 150°C, although not 
nearly as much as the stored powder (15% as opposed 
to 75%). It seems that the freshly crushed sample also 
has some readily volatilized surficial mercury present. 

These heating experiments show that when con
tamination of stored powders is suspected, a better 
(but obviously qualitative) estimate of the original 
mercury content of the sample may be obtained by 
first preheating the sample to 150-200°C for 1 hr. 
Exactly how much contamination occurs in the labor

atory and how much occurs in situ is unknown and 
varies with each sample and the .individual storage 
history. All the analyses reported here were carried 
out using freshly crushed samples. 

ATMOSPHERIC MERCURY 

'Unpolluted air' has been stated to contain from 
0.001 to 0.010 ftgfm^ of mercury (MCCARTHY et al,, 
1970). Mercury values reported for Reykjavik air vary 
from 0.007/ig/m' (OUVFSSON, 1975) to 0.6//g/m^ (SIE
GEL et al , 1973). Attempts made to measure the mer
cury content of the air in the laboratory failed 
because the sensitivity of the MAS 50 was not great 
enough. It can be stated confidently, however, that 
the mercury level was below 0.03 ftg/m^. All of these 
samplings are widely separated in time and many fac
tors could affect the atmospheric mercury levels. Rain, 
for example, could wash the air free of mercury 
(MCCARTHY et al, 1970). 

SIEGEL et a l (1973) have reported atmospheric mer
cury concentrations for various sites around Iceland, 
all of which are well above the value accepted for 
unpolluted air. Air samples taken at -Leirhnjukur in 
the north of Iceland during the last week of January 
1976 show mercury values ranging from 1.0 to 27 
figfm^ (see Table 1). This area is the site of recent, 
shortlived volcanic activity (December 20, 1975) and 
of continuing geothermal activity. 

MERCURY ASSOCLVTED WITH 
GEOTHERMAL AREAS 

As stated previously, high levels of mercury have 
been demonstrated during Icelandic and Hawaiian 
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phase. If not, we are led to the conclusion that the 
magma may have never contained mercury in excess 
of 10 ppb. 
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S-vvave Shadows in the Krafla Caldera in NE-Iceland, 

Evidence for a Magma Chamber in the Crust 

|, tlNARSSON Science Institute, University of Iceland, Reykjavik 

ABSTRACT 

During the present tectonic activity in the 
volcanic rift zone in NE-Iceland it has 
luvmnc apparent that the attenuation of 
M-i.-iuiic waves is highly variable in the 
,i-nii-.il region of the Krafla volcano. Earth-
i|ti;ikc.s associated with the inflation of the 
volcano have been used to delineate two 
n-gions of high attenuation of S-waves 
wilhin the caldera. These areas are located 
near the center of inflation, have horizonlal 
ilimcnsions of 1-2 km and are interpreted 
.l.S Ihc expression of a magma chamber. The 
lop of the chamber is constrained by hypo-
i-cnlral locations and ray paths to be at 
;ilx)ul 3 km depth. Small pockets of magma 
in.iy exist at sheillower levels. The bottom 
of Ihc chamber is not well constrained, but 
appears to be above 7 km depth. Generally 
.S-waves propagate without any anomalous 
:iilcnualion through layer 3 (Vp = 6.5 km sec"') 
across the volcanic rift zone in NE-Iceland. 
The rift zone therefore does not appear to 
he underlain by an extensive magma chamber 
.ll crustal levels. The. Krafla magma chamber 

J.s.-a localized feature of the Krafla central 
volcano. 

INTRGDUCTIGN 

The Krafla central volcano in NE-
Iccland has been going through a series 
I'f inflation-deflation cycles since 1975 
(BJORNSSON et al., 1911). Magma is ap
parently accumulating at a fairly constant 
rale at the depth of approximately 3 km 
beneath the volcano causing a slow 
ml lation. The inflation is interrupted by 
'>hiirt periods of rapid deflation when 
"lagma is injected horizontally into the 

8"". Volcanol, Vol 41-3. 1978 

rift zone that transsects the volcano from 
south to north. 

The structure of the volcanic rift zone 
in NE-Iceland is dominated by NNE-
trending fault swarms that are arranged 
en ichelon within the N-S trending zone 
(Fig. 1). Several of these swarms pass 
through central volcano complexes where 
acidic rocks and geothermal activity are 
common and volcanic activity is high 
(SAEMUNOSSON, 1974). A few of these 
central volcanoes such as the Krafla 
volcano have developed calderas. The 
Krafla caldera was formed in the last 
interglacial period and has since been 
filled with volcanic products. 

The present activity of the Krafla 
volcano and the associated fault swarm 
has been accompanied by considerable 
seismic activity, both earthquakes and 
continuous volcanic tremor. Soon after 

J h e increase in seismic activity in 1975 it 
became apparent that the attenuation of 
seismic waves, especially S-waves, was 
very variable in the Krafla area. Periods 
of high seismic activity in the caldera 
and a recently installed network of short 
period seismographs have offered a rare 
opportunity to study the S-wave attenu
ation in the central region of inflation. 
This paper describes the first results of 
such a study in the Krafla region. 

S-VVave attenuation has been studied 
before in other volcanic regions. GORSHKOV 
(1958) used the disappearance of S-waves 
to infer the presence of a magma 
chamber at the depth of 60-80 km under 
the Klyuchevskaya volcano in Kamchatka. 
Similar results have been obtained by 
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FEDOTOV and FARBEROV(1966) in Kamchatka, 
KUBOTA and BERG (1967) and MATUMOTO 
(1971) in the Katmai volcanic range in 
Alaska and ASPINALL et al. (1976) in St. 
Lucia in the West Indies. Recently 
evidence has accumulated that indicates 
the presence of crustal magma bodies in 
the Socorro area of the Rio Grande Rift 
in New Mexico (SANFORD et al., W l a , b). 
This conclusion is partly based on the 
screening of SV-waves from local earth
quakes. 

Abnormal attenuation of S-waves is 
also reported from the mid-ocean ridge 
system. MOLNAR and OLIVER (1969) found 
that Sn-waves propagate inefficiently 
across the mid-ocean ridge system and 
the concave side of most island arcs. 
SOLOMON (1973) found that long period 
shear waves from an earthquake in the 
Charlie-Gibbs Fracture Zone that passed 
under the southern end of the Reykjanes 
Ridge were strongly attenuated. REID et 
a i (1977) found a zone of high S-wave 
attenuation that coincides with the crest 
of the East Pacific Rise near 21°N. 

INSTRUMENTATION 

The locations of the seismograph 
stations used for this study are shown 
in Fig. 1. Six of these stations are per
manent and are a part of a larger 
network that covers most of the volcanic 
and seismic zones of Iceland. The stations 
SD and SN were temporary stations, 
operated in snow huts in March and 
April 1977. All the instruments were made 
at the Science Institute of the University 
of Iceland and are of similar design. The 
instrument consists of a vertical geo
phone with 2-3 Hz natural frequency, an 
amplifier with variable gain and filter 
settings, and a d m m recorder. A contin
uous radio time signal is recorded with 
the seismic signal, thus time corrections 
are eliminated. 

The pass-band of the instrument is 
between 3 and 30 Hz, limited by the 
natural frequency of the geophone at the 
low frequency end and the pen motor 
of the recorder at the high frequency end. 

The peak of the displacement r e s p o ^ 
between 10 and 15 Hz. Peak n i a g n i f i ^ g ^ 
depends on noise conditions, but.'.;l^r^ 
frequently used. These instruments^ 
ideally suited to record small local"'^ 
quakes in the presence of largcjiti^ 
seismic disturbances. 

Ki 

Fxc. 1 - Index map showing the slrucl'ur«T| 
of the volcanic zone of NE-Iceland anM 
the location of the scisinograph statioi^ 
used in this study. The fault swarms- juiM 
the Krafla caldera fault are drawn aft.egl 
BJBRNSSON et aL (1977). 
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THE DATA AND DATA ANALYSIS 

During the period February-September^ 
1976 the caldera region at Krafla was'iifl 
a state of inflation. The elevation of thM 
central part of the caldera increased'byl 
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Fig. 2 - Seismogram'sefr:-
tions from the stations'-'RI-
(a) and SN (b and i)J- -
The small tick marksi.ar? 
second marks. Typical 
earthquakes with clear(.S; 
waves (a and c) and.,wĵ ' 
thout S-waves (a and __,>)-, 
can be seen. ' !Li. 
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Fig. 2 - Seismograin -̂:«et; 
tions from the stations'JW, 
(a) and SN (b andisSjlJ 
The small tick marksijf^ 
second marks. Tyfil 
earthquakes with clraij.^ 
waves (a and c) â î̂ ySs 
thout S-waves (a a n | ^ ' 
can be seen. '" ,; 
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Fic. 3 - S-wave paths to the station RI. 
Epicenters of earthquakes that are recorded 
(vjrh a clear S-wave are marked with a 
black dot, open circles denote earthquakes 
with no recorded S-wave at RI. Earthquakes 
of intermediate character are marked with 
X. Areas of maximum attenuation of S-waves 
arc delineated. The caldera fault is drawn 
after BJORSSON et al. (1977). 

In the case of the Krafla earthquakes 
Ihe first reason can be excluded on the 
basis of P-wave first motion data. 
Furthermore, many earthquakes are 
recorded with S-waves at one station but 
without S-waves at another station. 

Focal mechanism effects are not con
sidered to be a likely explanation for 
the absence of the S-waves. The large 
proportion of earthquakes without S-
waves would require extremely high 
regularity in the focal mechanisms which 
is hardly to be expected in the central 
rcuion of an inflating volcano. The focal 
mechanism njay be responsible for the 
absence of the S-wave in a few cases, 
but not alL 

Assuming that the absence of S-waves 
is caused by attenuation along the wave 
paths one can attempt to map the 
regions of maximum attenuation. Relative
ly accurate earthquake locations and a 
large number of ray paths are needed 
for a meaningful study of this sort. The 
seismic stations RI, GS and SN are used 
in this study since the separation be
tween the different types of wave trains 

is most clearly seen at these stations. In 
Figs. 3, 4 and 5 the wave paths are 
marked along which clear S-waves have 
been transmitted. No abnormal attenua
tion seems to take place in regions 
crossed by such paths. In particular, 
attenuation appears to be normal in most 
of the SW-part of the caldera (Fig. 3) 
and in areas adjacent to the caldera. S-
waves propagate across the rift zone to 
the station GS without much attenuation. 

Epicenters of earthquakes that are 
recorded without S-waves at the respec
tive station are marked with open circles 
in Figs. 3, 4 and 5. By combining the 
data from all three stations one can find 
the approximate boundaries of the at
tenuating regions. Two separate areas 
appear to be largely responsible for the 
disappearance of the S-waves. One area 
is located in the eastern and south
eastern part of the caldera. This area is 
delineated mostly by waves recorded at 
RI and GS (Figs. 3 and 4). The other area 
is located in the westem part of the 
caldera and is delineated by waves 
recorded at RI and SN (Figs. 3 and 5). 
This area is displaced slightly to the north 
with respect to the epicentral area. Most 
earthquakes in the westem part of the 
caldera are thus recorded with a clear 
S-wave at RI, but at SN the S-wave is 
missing on a large majority of the earth-

Fic. 4 - S-wave paths to the station GS. 
Symbols as in Fig. 3. Numbers show the 
depth of earthquakes that are deeper than 
5 km. 
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quakes. The southern boundary of the 
attenuative area is better defined than 
the northern boundary. The conclusion 
that there are two areas is mostly based 
on the recording of S-wave at RI (Fig. 3). 
Several rays pass between the two areas. 
These rays are shallow and the attenuat
ing body may be undivided at greater 
depth. 

16M5'W/ 

65"45'N 

FIG. 5 - Swave paths to the station SN. 
Symbols as in Fig. 3. 

The orlzontal extent of the attenuating 
zones is given in Figs. 3, 4 and 5. The 
diameters are of the order of 1-2 km. The 
vertical extent is more difficult to as
certain. In the vertical dimension the 
wave path is critically dependent on the 
depth of the hypocenter and the velocity 
structure, neither of which is well enough 
known for a detailed mapping of the 
attenuating bodies. One can, however, put 
some constraints on the upper and lower 
boundaries. 

The hypocenters are mostly at depths 
of 3 km or less. The seismic rays recorded 
at RI, GS and SN are in most cases 
critically refracted rays. Because of the 
limited horizontal extent of the attenuat

ing bodies and their proximity t o | 
epicentral zones one can conclude'tL_ 
only a small proportion of the -f^ 
reaches depths greater than 3 km i n S ^ 
areas of attenuation. The depth to£~" 
upper boundary of the attenuating b i^^ i 
is therefore not likely to be larger I 
3 km. On the other hand, the depti _ 
the boundary is not likely to be i n ^ 
less than 3 km. The e a r t h q u a k e s ^ 
clearly associated with the inflaSq 
process of the Krafla volcano and c ^ ^ 
explained by brittle failure of the ci^ 
above an inflating magma body | , ' ^ ' 
inflating body may be small and i s ^ ^ 
necessarily identical with the body^i^^P 
causes the attenuation. Brittle failur^ 
not likely to occur within the attenu'eifin^ 
body. The upper limit of the bo(iyi|iii 
therefore likely to coincide with the dgj'a*^ 
where the frequency of earthqiiak^ 
begins to decrease, which is about?!!! 
depth of 3 km. Small, d i scont inue^ 
bodies may, however, occur at snialle 
depths. The boundaries of the atteniia't^ 
zones drawn in Figs. 3, 4 and 5 shbMj 
be regarded as contours of the attenuating 
bodies at the depth of approximaf§l^ 
3 km. 

The lower boundary of the a t t enua tS^ 
bodies is not well constrained. Mqs't|" 
the available seismic rays cross* | | 
caldera at shallow levels and only^f^ 
probe the deeper regions. The deeoer 
rays have to come from relatively",def' 
earthquaes, and only three earthqilak 
could be found that were usable for.th| 
study. All of them occurred at the depf 
of about 7 km (Figs. 4 and 5). The'i^j 
pass through the caldera region witligm 
suffering much attenuation, which i n ^ 
cates that the lower boundary of .:'dir 
attenuating bodies is shallower thaii 7;la 

• < ^ 

LIMITATIONS OF THE METHOD -yj 
.''iii 

The method of analysis as describedlm 
the previous section can only be appli|g^ 
successfully under favorable conditional 
The first condition is the availabilityloH 
a large number of seismic rays crossuiM 
the region to be studied. One therefor^ 
needs either a large number of s e i s m ^ 
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irrapns or numerous favorably located 
earthquakes. The latter condition was 
partly fulfilled in the case of Krafla. 

Several factors limit the resolution of 
the method. Location errors, the effects 
of focal mechanism, «false» S-waves, 
diffraction and lateral refraction blur 
(he picture of the bodies to be delineated. 

The location errors in the case of 
Krafla were of the order of 1 km in the 
horizontal directions. Fortunately the 
dimensions of the attenuating areas were 
somewhat larger. Minor inconsistencies 
in Figs. 3, 4 and 5 can be accounted for 
by errors in epicenter locations. Obviously 
no consistent results can be obtained in 
areas where the errors are larger than 
the dimensions of the bodies to be 
delineated. 

In some cases the focal mechanism 
and the source-station relationship may 
be such that the station is located on a 
nodal surface for the SV-wave. The 
seismogram may therefore give the 
impression that the ray has passed 
Ihrough attenuating material. This effect 
is only rarely observed in other seismi
cally active areas in Iceland and is not 
believed to be important in Krafla, 
although it may cause inconsistency in a 
few cases. 

Waves other than the S-wave may 
arrive late in the wave train and be 
difficult to distinguish from a true S-
wave. These may be reflected P-waves, 
converted waves or surface waves. An 
attenuated wave train may thus be classi
fied as an unattenuated one and cause 
an apparent inconsistency. 

The presence of an attenuating body 
implies lateral heterogeneity in the struc
ture, which means that the seismic rays 
may be refracted horizontally. This effect 
may cause some uncertainty in the lo
cation of the earthquakes and thus in the 
position of the boundary of the at
tenuating body, but errors exceeding 
1 km are not expected. 

Seismic waves will be diffracted 
around a body that has velocity different 
fiom its surroundings. In particular, S-
\'.'aves will be diffracted around the 
aitcnuating bodies delineated in this 

study. The bodies do not cast sharp, 
infinitely long shadows. Some S-wave 
energy is diffracted into the geometrical 
shadow region with the result that the 
bodies appear to be smaller than they 
really are. 

The diffraction of seismic waves has 
been studied theoretically by many 
authors. In general the sharpness of the 
shadow is dependent on the wavelength 
relative to the dimensions of the dif
fracting body. The shadow is sharper and 
deeper for waves of higher frequency. 
But there are also effects that depend 
on the shape of the body. 

TENC and RICHARDS (1969) studied the 
diffraction around a cylindrical cavity. 
In this case the effect on P-, SV-, and 
SH-waves is not equal. For a horizontal 
cylinder the half-amplitude point is 
shifted outward from the geometrical 
shadow boundary for P- and SV-waves 
but inward for SH-waves. The effect on 
the S-waves would be reversed for a 
vertical cylinder. There may thus be a 
broad region where the body has a 
polarizing effect on the S-waves. This 
effect was used by KUBOTA and BERG 
(1967) to conclude that magma chambers 
in the Katmai Volcanic Range were of 
spheroidal shape with a horizontal major 
axis. 

The effects of diffraction limit the 
applicability of the S-wave screening 
method in volcanic areas. Clearly the 
frequency of the available seismic, waves 
sets a limit to the size of the magma 
chambers that can be detected. For 
optimum results high frequency, three-
component seismographs should be used. 
In the Krafla area the energy of the S-
waves is mainly within the frequency 
band 5-10 Hz, i.e. the wavelengths are of 
the order of 300-600 m. This gives some 
idea of the resolution. 

DISCUSSION 

The attenuation effects in the Krafla 
area are large, or else a study of this sort 
would not give positive results. One can 
attempt to give a maximum estimate of 
the quality factor Qs in the attenuating 
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bodies. The attenuated wave trains had 
ho sign of an S-wave, which means tjiat 
for some of them the S-wave; must have 
been attenuated by a factor of at least 
10. The wavelengths, a re OJ-0.6 km and the 
horizorital extent of the bodies is about 
1-2 km or 2-7 wavelengths. Attenuation 
by a factor of 10 in 7 wavelengths gi.ves' 
a Qs of 10. This is a maximum valiie) the 
true value is probably rtiuch lower. 

The attenuating bodies are located in 
the central, part, of the Krafla caldera. 
In other areas of the world where 
abnormal attenuatiori of S-waves has 
been found, there also s^ms fo be a close 
association with volcanism, and it is 
usually assumed that the attenuation is 
caused by magma. This interpretation 
also seems to be the mo^t' pJausible one 
in the case of Krafla. Here the center of 
inflation and deflation during the present 
tectonic, and magmatic aetivity is also 
near the center of the. caldera (BJBRNSSON 
et qi, 1977; TRYCCVASON, 1978) which 
further strengthens the interpretation. 

The seismic evidence cari give little 
inTormation -about the internal structure 
of the magma chamber at Krafia and 
only a rough idea about its shape. The; 
e chamber» could Jbe a massive Jurnp of 
molten in a gin a, but it might also consist 
of a rsumber of small, more or less 
intefcohnected chambers, pockets, siils 
or dykes. It:is probable that the inflation 
preseritly taking place in the Krafla 
caldera is. caused by a steady inf low of 
magma into this magnia chamber- or 
some subdivision df it. Deflation events 
ai'e' caused by horizontal injection of 
magma away from the central region of 
the Krafla volcano; 

The formation of a magnia chainber 
large enough to be detected by seismic 
waves is a process that requires much 
time, probably a considerable part ,bf the 
life time of the volcano. Repeated 
injection of magma into the- roots of a 
volcano results in elevated ternperatures. 
Depending on the rate- of injection and-
the rate of cooling the magrha may stay 
in a ;mo!ten state at some critical depth. 
Some; remelting may take place in the 
surrounding matisria'I. The present injec

tion mechanism'in the Krafia w 
particularly effective, Magma js brc^'^'f 
from below to a depth of about >3iu^; 
where it stays for a while and,.de(i^^; 
heat to the surrounding: materiai.^nTH^i' 
the magma is injected, horizontallyfia'̂ (fc5 
from the central part of the voIcaiiol^S?: 
is replaced by fresh magma fr6m.,belo^; 
Thus heat is delivered to the centralf^^it 
of the volcano with only limited iticr^Si' 
in volume. ,. .̂ isigŝ Sfi 

The magma chamber of --Krafl̂ ^^p^ 
located in the upper part of and^sIi^ySf; 
above crustal layer "3 (Vp = ^i.'^jifAC' 
which is at the. depth of about 3 J/kiral^T 
this region (PXLMASON, 1963). The?td^S' 
to the bpttoiii of layer 3 is not-accur3tia&*'' 
known in this region, but is probabiy|(n|j', 
the range 10-15. km. S-waves are uiiiiillyi:* 
transmitted efficiently through layeiilfl 
In particular we note that S-wavesjf^pjv 
Krafla earthquakes are well recordediat?.-
the statipri GS which is located easti,"oifl" 
the volcanic rift. zone. This meansBfh^?;; 
S-waves are ti-ansmitted across ihej'f^Mf 
zone- at crustal levels withoutyil^j^^-' 
abnorrnai attenuation: The attenuatiijgli-
bodies at Krafla appear to be a^l^l^; 
pheriomendn associated with the. centre ' 
volcano and:are not a general i'featurgl̂ ff-
the rift zone. 'V-̂ ^y f̂fi. 

Only a part of the available dat%l^^K 
been ariialyzed in this study arid.inflaff^fti 
of the Krafia 'caldera- continues l̂ t̂ f^^m. 
time of writing. There is therefore^|j^!; 
doubt that the picture presented lin'itjWŝ -
paper wif] be improved and refiried^iiS^ 
the future. - '"-WMw., 

CONCLUSIONS ' ¥ ; | 

The main conclusions of this sttidyfi^ 
be summarized as follows: • ŝ iiit 

Krafla. caldegf 
here S-waves/ote 

1. Twb areas within the 
have been delineated where _ ._. ,— -^.,. 
local earthquakes are strongly atteiiKi 
ated. , ' ' ' ' ^ ' ^ ' 

2. t he attenuation is.interpreted as beiifigf;' 
caiised by magma in some kind offa|* 
magnia chamber. '•''•*f||' 

3. The'extent of the magma chamber'cang 
be estimated by seismic ray traciq|0. 
and the location pattern of eartJf-% 
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la is injected hori2ontallyr:av^jF;, 
central part of the.volcandjiS^',;" 
d by fresh magrna froni;.belo>¥^'' 
is delivered to the centralfJMirt^ 

eano with only limited incr^i^'-/''' 

igrna , chamber of Krafia^|li|.. 
t he upper part of and-;sliglitlyi 

istal .layer 3 (v, ='6.5 kni^fe^ 
.t the I depth of about 3J-kin-imv 
1 (PXLMASON, 1963). T h e . d ^ ^ ' ; ' 
torn of layer 3 is not accurat^yV 
this region, but is probabIs4M« 
10-15 I km. S-waves a r e ' i i s u ^ . ' 

d efficiently through laytT07 
lar we note that S-wayes-^frtm'.'• 
thquakes are well recorded rat'; 
1 GS which is located easti(̂ (if„ 
ic rift zone. This riieanstet^s; 
-e transmitted across. " ^ t j i ^ 7 
crustal levels withoutV/taSjf-'' 
attenuation. The attenuatiBgf:' 
Krafla appear tb be -a;;lq^;^ 
in associated with the' ceriti^].v-
d are' not a general featiire|(H; 

i c - ' • • ̂ -i'li'Jw"' 
arf of the available, data,,-,ha^> 
zed in this study and.inflaji^J'. 
ifia caldera continues,f9tff)|^^ 
ritingi There is therefore^^gi^ 
the picture presented tins.^|»-
be -improved and refihed^|n.f. 

DNS 

conclusions of this study^cSit 
ized as follows: ' i'^'-^" 
as within the Krafla' caideKaf. 
n delineated where &-waves.^f» 
thquakes are strongly attM^'.' 

luation is interpreted- a's bejt(|j-:--
y magma in some kind--Pf^' 
:hamber. •'̂ >^7: 
It of the magma chamberffe^ 
ated by seismic ray tracin|^ 

location pa t tem of eartSt-
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quakes within the caldera. The: upper 
limit of the magma body is at the 
depth of. about 3 km arid t h e lo&er 
limit is probably shallower than 7 km. 
The body is diviaed near its top. 
The volcanic rift zone in Northern 
Iceland is not underlain by a continT 
upus magma chamber at crustal 
levels. The Krafla magma chamber is 
a localized feature of tfie Krafla 
central volcano. 

ACKNOWLEDGEMEi^TS 

This work was partly supported by the 
National Energy Authority in. Reykjavik 
and by a special grant from the Icelandic 
Ministry of Education. Many persoris 
as.sisted in the data collection and 
'analysis, but special thanks' are due to 
Halldcir. Olafsson, Nordic Volcanological 
Institute, and Svernr Tryggvason who 
helped operate the stations SD and SN 
under diffi'cuit circumstances. Many of 
[he ideas presented in this paper were 
discussed extensively in an informal re
search group on the Krafla events. 
Sveinbjorn Bjornsson, Gudfnundur Sigval
dason and Eysteiriri Tryggvason offered 
valuable suggestions for the improvement 
of the manuscript. 

FIEFERENGES 

ASPINALL, "W. P., MICHAEL, M. C , TOMBLIN, J. 
1976, Eyidence for Fl'itid Bddies bmeaih 
the .Sulphur 'Springs Geothermal Region, 
St. Lucia, West' Indies. Geophys. Res. Lett., 
3; p. 87. 

B;ir,)R.VSSON, A . , S A E M U N D S S O N , K , , E I N A R S S O N , 

p., TRYCCVASON, E,, GRSMVOLD, K., 1977, 
'Current Hi ft ing Episode irt North Iceland. 
Nature, 266, p. 318-323. 

FiaMTpv, S;. A", and FARBBROV; A, I., 1966, On 
the Absorption of transverse Seismic 
Waves in the Earth's Crust and Upper 
ttlanlte iif the Region of the Avachinskii 
Group of Volcanoes. In: Volcanisrrl, arid 
Deep Structure of the Earth, fmdy 
.Vtoriogo Vses. Vulcanoi! Soveshchaniya, 
Vol. 3, Izd. Nauka, Moscow. 

Gtin,sHKOV, G. S., 1958, On Some theoretical 
Problems of Volcanology, Bull. Volcanol., 
19, p; iOS-li3. 

KUBOTA, S, and BERG. El, 1967, Evidence for 
Magma in the Katmai- Volcanic Range, 
Bull. Volcanol., 31. p. 175-214 

LAHR, J. C, and WARD; P. L„ 1976, Hyppetlipse: 
A Compu'er Program for Determitting 
:Local Hypocentral Parameters, Magnitude 
and First Motion Patiern. U.S. Geol. Surv. 
Open-File Report. 

MATUMOTO, Tj, 1971, Setstfi/c Body Wdves 
Observed in- the Vicim'iy of Aiount Katmai, 
Alaska, and Evidence for the Existence 
.of Molten ' Chambers, Geol. Soc: Amer. 
Bull.,, 82, p. 2905-2920.' 

MOLNAR, P. and OLIVER, J., 1969, Lateral 
Variations of Attenuation in tKe Upper 
Mantle and Discontinuities in • the Lithos-
phere. J. Geophys. Res'., 74, p. 2648-2682. 

PALMASON, Gl, 1963, Seismic Refraction 
Investigation, of the Basalt Lavas in 
Northern and Eastern Iceland. Jiikul!, 13, 
p. 40-60. 

REID, I., ORCutr, J. A., PHOTHERO W. A,, 
1977, Seismic Evidence for.ct Narrow Zone. 
of Partial Meltirig Underlying the East 
Pacific Rise at 2t'M, Geol Soc. Amer. Bull., 
SS, V. 67e;682. 

SAEMUNDSSOIJ, K., 1974, Evolution of the Axial 
Riftirig Zone in Northeiit Iceland and .the' 
Tjornes Fracture Zone, Geol. Soc. Amer. 
Bull., 35, ,p. 495. 

SANFORD, A-. R., MOTT, R. P „ SHI/LESKI, P . J., 
RiNEHABT, E. J., GARAVELLA, F . J., WARD, R. 
M:. WALLACE, T. C„ 1977a, Geophysical, 
Eviderice for a Ma:gtnd' Body in the Crust-
in the Vicinity of Socorro, New. Mexico. 
Amer. Geophys. Union Monograph, 20, p. 
385-403. 

, RINEHART, E . J., SHULEKI, P. J„ 
JOHNSTON; J, A., 19776, Evidence from 
Microearthguake Studies, for Small Magma 
Bodies iit the Upper Crust of the Rio 
Grande Rift neat 'Socorro, New Mexico 
(Abstract). Trans, Amer.- Geophys. Union. 
58, p. 1188. 

SOLOMON, S. G., 1973, Shear-wave Attenuation 
and Melting beneath' the Mid-Atlantic 
Ridge, I, Geophys. Res., 18, p. m t , 

TENG, T. and RICHARDS P, G., 1969, Diffracted 
P. SV and SH Waves arid their Sftddpiv 
Boundary Shifts. J. tiebphys; Res., '74, p. 
1537-1555. 

TRYGGVASON, E., 1978, Tilt Observations in the 
Krafla-Mfvatn Area J976-1977. Nordic Vol
canological Institute, Reykjavik, Report 
78 02, 45 pp. 

Manuscript' received July 1978; reviewed 
Aug. m s . 

Revised ms. received Nov, 1978 

< : 

r 

it' 

'0 

I I ! 


