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Abstract

Sulphur and carbon analyses of drill cuttings, maheaturation state calculations and
reaction path modelling were used to assess tleetefbf boiling and phase separation,
cooling, magmatic gas input and extent of fluidkr@eaction in order to get insight into
the source, transport and precipitation of sulpdmual carbon and associated metals in the
Reykjanes geothermal system. Reservoir temperatargge from 275 to 310°C and the
estimated pH from ~4.5 to ~5.0 with uncertaintipg@ 0.5 pH units. Geothermal reservoir
waters seem to be the formed upon mixing of seawatth very small amount of
magmatic gas followed by reaction with basalts. Téservoir water is relatively close to
saturation with respect to most minerals observethé system including quartz, albite,
chlorite, epidote, prehnite and pyrite. Carbon a@lexoncentrations in the reservoir water
are close to an apparent equilibrium with the duisite-calcite-quartz-prehnite mineral
assemblage but GOnay also be source controlled by magmatic inputesponding to
about 0.1 to 1 wt% magmatic gas to seawater ratie. b and HS concentrations are
considered to be controlled by the buffer pyritelpnte-magnetite-quartz-clinozoisite-
anhydrite or pyrite-wollastonite-magnetite-anhyehguartz. Carbon content in drill
cuttings notably increases from ~0.01 to ~2.0 vet8adepth decreases in the uppermost
1100 m. Below that depth, concentrations range fr@® ppm to a maximum of ~0.03
wt%. At reservoir conditions, carbon precipitatimay be precluded, due to the effects of
temperature, pH and reduced availability of caticasd leaching from rocks seems to
occur. Calcite precipitates and builds up in thteratl rocks above background carbon at
depths <1100 m, corresponding to depth of boillBiglphides concentrations range from
<0.01 to ~1.2 wt% in altered rocks with no markablend as a function of depth.
Reservoir water with metal concentrations basedawnhole samples was observed to be
supersaturated with respect to most sulphide nimead become increasingly more
supersaturated upon boiling and cooling, in additto sulphide being quantitatively
removed from solution upon boiling mostly into pgribut also sphalerite, galena and
covellite. Under these conditions, sulphide miretave the potential to form both in the
reservoir and upon fluid ascent resulting in honmegelis sulphide precipitation as a
function of depth. Sulphates in rocks range fronD2@o 1.8 wt%, with the highest values
observed in the uppermost 400 m. Anhydrite pre&ijoih occurs preferentially in the
shallowest part of the system mainly due to heagadvater-rock interaction. Total sulphur
vertical distribution pattern at Reykjanes may eefl either significant sulphides
precipitation at all depths due to high metal comegions in the reservoir water or
enhanced sulphur precipitation due to additiongdraur supply from seawater intruding at
all depths, or both. Finally, based on age andnsib@ constrains for the geothermal
system, average mass of mineralization of 700,81b1054 tonne/yr were obtained for
sulphide, sulphate and carbon, respectively, overlife time of the system taken to be
20000 years.



Utdrattur

| pessari rannsokn voru efnagreiningar a brenmisteig kolefni i borholusvarfi,
atreikningar & mettunarastandi jardhitasteindadpdpka og likanreikningar sem herma
efnahvorf milli vatns og bergs notud til ad leggiat & hvernig ahrif sudu, adskilnadur
gufu fr4 vatni og keeling, efnahvorf milli vatns bgrgs og gasfleedi fra kviku hafa &hrif a
flutning brennisteins og kolefnis i jardhitakerfiAuReykjanesi og utfellingu malmsteinda.
Djaphiti a Reykjanesi er a bilinu 275-310°C og pHatni i sedum er ~4,5 til ~5,0 med
ovissu sem nemur allt ad 0,5 pH einingum. Djup\éatr sjor med orlitilli blondun vid
kvikugds sem hefur hvarfast vid basalt. Djupvatretknast fremur naleegt efnajafnveegi
vid allar greindar ummyndunarsteindir, p.a.m. kyalbit, klorit, epidot, prenit og pyrit.
Styrkur koltvioxids i djupvokva er néleegt jafnvesid steindafylkid klindsoisit-kalsit-
kvars-prenit en styrkur koltvioxids geeti einnigostpst af istreymi fra kviku sem svarar til
0,1-1% af kvikugasi i jardsjébnum. Styrkur vetnishognnisteinsvetnis i djupvatni er talinn
radast af efnajafnveegi vio steindafylkido pyrit-gtemagnetit-kvars-klinésoisit-anhydrit
eda fylkio af pyrit-vollastonit-magnetit-anhydritees. Kolefnisinnihald i borholusvarfi
eykst greinilega fra ~0,01 til 2,0 % midad vid panged minnkandi dypi ofan 1100 m.
Nedan pessa dypis er styrkurinn fra <0,5 ppm up®3%. | djipsedum er mogulegt ad
utfelling kolefnissteinda eigi sér ekki stad vegiigandi hita, pH-gildis og takmérkudu
frambodi katjona sem bindast kolefninu. Utfellindgaisits verda i ummyndudu bergi ofan
1100 m eda dypis sem samsvarar pvi dypi par serséikid hefst. Styrkur sulfidsteinda
liggur & bilinu <0,01% til ~1,2% midad vid pungandin regluleg breyting med dypi er
sjaanleg. Styrkur malma i djupvatni samkveemt efeiagrgu & djupsynum svaradi til
yfirmettunar m.t.t. flestra sulfidsteinda og yfettunin vex vid sudu og samsvarandi
keelingu vatnsins umfram upphaflega yfirmettun. Mesduti sulfids sem tapast Ur vatninu
fer i pad ad mynda steindina pyrit en einnig svilgalena og kovellit. Vid ofangrein
skilyrdi geta sulfidsteindir myndast baedi i djapvélog i uppstreymisrasum par sem suda
a sér stad. betta leidir til pess ad magn sulfiddéei berginu er ekki had dypi. Styrkur
sulfats i ummyndada berginu er a bilinu 0,02-1,8%ad® vido punga. Haestu gildin eru i
efstu 400 m jardhitakerfisins. Utfelling anhydriterdur einkum efst i jardhitakerfinu
vegna pess ad ekki parf ad hita sjo mikid adur mnydrit-mettun naest. Dreifing a styrk
heildarbrennisteins med dypi i Reykjaneskerfinui gesiakast af Gtfellingu sulfidsteinda &
Ollum dyptarbilum vegna has styrks malmsteindardtjgavatninu eda aukinni utfellingu
brennisteins Gr vatninu vegna aukins frambods aehiisteini sem verdur vid irennsli
sjavar i kerfid & hvada dypi sem er eda hvorutvaegdj grundvelli aldurs jardhitakerfisins
og steerdar pess nemur arleg utfelling sulfid-,astithg karbonatsteinda 700, 315 og 1054
tonnum yfir liftima kerfisins sem metinn var 20.080
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1 Introduction

Natural geothermal systems are found where a bbtgtaock and/or magma, fluid
and permeability coexist. Geothermal systems haemn lzlassified into volcanic or high-
temperature and non-volcanic or low-temperaturdlggmal systems (Bodvarsson, 1961,
Nicholson, 1993; Goff and Janik, 2000; Arndrssomalet2007). Non-volcanic systems are
associated with a body of hot rock and occurringarious geological settings like areas
that are tectonically active. Volcanic geothermgtems are, on the other hand, associated
with active volcanism and magmatic heat. Reporteasured aquifer temperatures range
from ambient to over 400°C and depending on thep&ature and pressure conditions,
they may be either single phase or two phases (8s0d et al., 2007). Sub-boiling
systems are single liquid phase whereas volcanithgemal systems are either liquid
dominated (liquid and vapour) or vapour dominatelinpst pure vapour) (White et al.,
1971, Nicholson, 1993).

Geothermal fluids have been divided according t@rtlorigin into primary and
secondary fluids. Primary geothermal fluids aresthdound at the bottom of the
convection cell (reservoir) whereas secondary $lusde produced from primary fluids
upon processes occurring on their ascent to tHacyrincluding fluid mixing and phase
separation. Examples of primary fluids are sodaiioride waters, acid sulphate-chloride
waters and brines whereas secondary geothermds finclude steam-heated acid sulphate
waters, carbon dioxide waters and mixed waterss(Bihd Mahon, 1977; Arnorsson et al.,
2007). Examples of the chemical composition ofowes types of primary and secondary
geothermal fluids are shown in Table 1. Discussionthe origin of the chemicals in
geothermal systems is still open, fluid-rock int#i@n and magma degassing probably
being the main sources (e.g. Ellis and Mahon, 198467; Hedenquist and Lowestern,
1994; Giggenbach, 1992). Carbon and sulphur arengntbe major components in
geothermal fluids and Gnd HS the most important gases.

Based on natural geothermal fluid composition is Heeen concluded that local
equilibria between the geothermal minerals andlfiudontrols the concentration of major
components, except mobile elements like chlorideéemperatures as low as 50°C (e.g.
Ellis, 1970; Giggenbach, 1980, 1981; Arnorssonletl®83; Stefansson and Arnorsson,
2000, 2002). The reason for this is twofold. Fystas demonstrated for Icelandic
geothermal systems two types of fluids rechargesiystems, saline and meteoric, yet
despite the variable elemental concentrations, @aiicular temperature the relative
concentrations are the same with respect to mégonents. Secondly, based on the Phase
Rule and assuming pressure effects on the reactionbe insignificant, only two
parameters are needed to describe a system, teomgeaamd one component, notably ClI,
concentration. The geothermal minerals commonheoiesi are generally also calculated
to be saturated with respect to the fluids. Thgpichlly show strong temperature
dependence but primary rock composition also péagae.

Studies of Icelandic high temperature systems sha¥ose relationship between the
geothermal mineral assemblages with depth (Bjomssb al., 1972; Témasson and
Kristmannsdottir, 1972; Kristmannsdottir, 1975, 697979; Fridleifsson, 1991; Schiffman
and Fridleifsson, 1991). Four distinct alteratiomngs have been suggested. At
temperatures below 200°C zeolite and smectite pnathtes, replaced by mixed layer clay
minerals and prehnite with increasing temperatiiipidote and chlorite become the
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dominant sheet silicate at temperatures above 23bdacterizing the third alteration
zone, whereas the appearance of amphibole marksuht@ one. Fluid salinity has minor
effects on the geothermal zonation, yet, the fleodhposition appears to affect how the
minerals respond to differences in original rocknposition. At Reykjanes, seawater
appears to control the composition of the secondangrals. On the other hand, at Krafla,
the fluids are dilute and the composition of theration minerals appears to reflect more
closely the parental rock composition (Sveinbjogisdet al 1986). In addition, Lonker et
al. (1993) showed that the alteration minerals,er@ahcompositions and textures in two of
the Icelandic geothermal systems (Reykjanes andtseveyi) do not record a simple
increase of temperature with depth. The study sstgdethat mineral and textural features
can be correlated with fluid compositions, processé fluid flow and mixing and
formation permeability.

Geothermal altered rocks in upflow-boiling zoneshigh-temperature systems in
Iceland are often enriched in sulphur and carbgbr(Bson et al., 1972; Gunnlaugsson,
1977). Sulphur concentration may be as high asw&%, whereas in basaltic glass it is
only 0.08 wt% and in holocrystalline basalt as les 0.01-0.02 wt% (Gunnlaugsson,
1977). Carbon concentration in upflow zones mayddigh as 1 wt% but in basalt it is
about 0.012 wt% on average (Bjornsson et al., 1gf&yer et al., 1982). The source of
supply of the elevated sulphur and carboncentrations in the boiling zones of
high-temperature geothermal systems is considered the magmatic (e.g. Giggenbach,
1992). The enrichments, on the other hand, magaheed by the processes of gas-water-
rock interaction including boiling, conductive corg and/or mixing (Holland and Malinin,
1979; Fournier, 1985; Simmons and Christenson, 1994

The most common sulphur containing minerals in lyewhal systems are pyrite and
pyrrhotite whereas carbon predominantly forms tal¢e.g. Browne, 1978). Calcite is
observed at all depths to about 270-300°C in hghperature geothermal systems in
Iceland. Its occurrence is variable, being morendant in tuff and uppermost parts of the
system (Témasson and Kristmannsdottir, 1972; Fanzt al., 2002). Pyrite has been
observed associated with geothermal altered rotkseland at temperatures between 100
and over 300°C and is found in veins with othercjmiéates and also dispersed in the
groundmass of the rocks (Kristmannsdottir, 197Byrrhotite has been observed together
with pyrite as a secondary mineral associated wdililte geothermal fluids, however, in
the geothermal seawater systems at Reykjanes arts&vgi, pyrrhotite is absent whereas
anhydrite and magnetite are observed (Ragnarsdiitiid., 1984; Lonker et al., 1993).
Sphalerite, chalcopyrite and galena have also lobserved but are less abundant than
pyrite (Marks et al., 2010).

Geothermal fluids transporting metals are respdaddy the formation of important
ore deposits (e.g. Helgeson, 1970; Weissberg etl@r.9; Hedenquist and Lowenstern,
1994) particularly by formation of metal rich suipds. The metals may be transported as
free ions or hydroxyl complexes or complexed tgBide and chloride ligands and upon
cooling, boiling and mixing, the sulphides may ppéate (e.g. Barnes, 1979).

The aim of the present study is to get insight itite source, transport and
precipitation of sulphur and carbon in the Reykfageothermal system and the associated
metal transport and precipitation. Data on fluisctlarge and deep liquid composition as
well as sulphur and carbon concentrations in alteoeks were used together with various
types of geochemical modelling to assess the pessiagmatic input into the geothermal
system, mass and composition of carbon and sulmegipitated and the effects of various
processes including boiling and cooling.



Table 1. Chemistry of the major types of primagniples 1-10) and secondary (samples
11-13) geothermal waters. The concentrations ofntlagor components are in mg/L and
mg/kg.

Sample i 2 3 42 5° 6° 7 g 9 10° 172 12 13
t (°C) 241 276 253 248 237 278 280 238 94 60 65
Ps 35.6 42 8.6 0 0 0 9.8 18.5
pH/t(°’C) 52/ 516/ 62/ 81 7.8 4.8/ 3.1/ 24 4. 8.8/ 1.2 6.2/ 8/
20.9 22 20 25 25 25 20 18 25 26
cl 23430 19251 8430 3026 3021 103000 6175 13400 .1113 73.5 1.2 85.8 20.7
SO 13.2 243 115 1376 63 12 508 350 8.6 290.8 15981.3 4 19.9
Na 11912 10089 4831 1764 1710 38839 3117 5490  214.447 535  417.7  209.7
K 1833 1447 827 277 168 6250 950 900 4338 18 78.30.6 3 35.9
Ca 1868 1637 1942 68.4 32 20630 82 1470 0.8 24 156997 10
Mg 15 1.075 0.2 0.2 0.2 34 25 131 0.049 0.0016 6 15. 27.2 1
Fe 4.1 0.293 0 4.4 282 220 0.027 0.0026 37.6 15 0.017
Al 0.1 0.045 1.08 0969 275 0.04 0.0094
SiO; 816 672 7998 361 270 550 910 639 815 500 182 21276.21
B 101 6.718 160.1 30 90 21 106 173  0.105 0.5 0.4
F 0.3 0.138 17 4 7 1.36 1 4.6
CO, 60.3 47.4 2.3 277 2 548 0 0 200.6 0 1145  300.6
H.S 4 34 0 0 53.5 <0.01 0

Trace components

Cu 1.74 0.18 4 <1.0 0.09
Zn 50.9 0.51 1345 0.5 3.2
Pb <0.1 <0.01 8.1 <0.1 0.173
As 156

2in mg/L; ® in mg/kg;°as HCQ; t: aquifer temperature;sPsampling pressure in bar-g

: Volcanic, seawater geothermal system in baRalgkjanes, well 10, Iceland (ISOR , 2006, unpulglisHata)
: Volcanic, seawater geothermal system in baRelgkjanes, well 15, Iceland (Arnérsson et al., 3007

: Andesitic-basaltic volcanic geothermal systemxliB, wet-steam well 17, El Salvador (Rendero$220

: Andesitic volcanic geothermal system, Momotomkel) 2, Nicaragua (Arnérsson, 1997)

: Taumatapuhi Geyser, Tokaanu, New Zealand (&ftidsMahon, 1977)

: Na-Ca-Cl brine, Assal, Djibouti, (D"Amore et,dl998)

: Acidic sulfate-chloride water, Mahanagdong, velLeyte, Philippines (Arnérsson et al., 2007)

: Well 205, 1500 m deed, Matsao, Taiwan (Ellis krahon, 1977)

© 0 N o g b~ W N P

: Volcanic geothermal system in basalt, Kraflall @@, Iceland (Gudmundsson and Arndérsson, 2002)
10: Volcanic geothermal system in basalt, Krafle|l®&1, Iceland (Arndrsson et al., 2007)

11: Steam-heated surficial acid sulfate water, Mégel/, Kunashir, Russia (Chelnokov, 2004)

12: Carbon dioxide water, Lysuhdll well 6, Icela@@inérsson et al., 2007)

13: Mixed high temperature and cool ground watedidalur, Geysir field, Iceland (Arnérsson et 2007)






2 The Reykjanes geothermal system

2.1 Geological settings

The Reykjanes geothermal system is located on tagkj&hes Peninsula, SW
Iceland (Figure 1). It is constructed of young, htygpermeable basaltic formations,
transacted by an intense NE-SW trending fault zand, is tectonically active (Bjérnsson
et al., 1970). The volcanic activity on the peniasis concentrated along five distinct
fissure swarms, but central volcanic complexes aotably absent from the four
westernmost ones (Jakobsson et al., 1978). Highdeture geothermal systems occur in
all of the Reykjanes Peninsula fissure swarms.

The Reykjanes geothermal area seats at the cengwawsms of active faults that
facilitate hydrologic convection. High-level magrolaambers have apparently not formed
in the Reykjanes volcanic systems (GudmundssonTéddhallsson, 1986), and sheeted
dike complexes are likely to serve as the magntedat source for the geothermal activity.
Surface geothermal manifestations occurs over ea af ~1 km, but observations from
more than 30 drill holes and several resistivitgveys indicate that the subsurface area of
the active system is at least 2 %oonsistent with the findings of Bjérnsson et 4972)
and Palmason et al. (1985).

2.2 Stratigraphy, alteration mineralogy and
temperature

The stratigraphy of the Reykjanes geothermal sysgtedivided into two informal
formations. The uppermost 1000 m of the geothersystem are characterized by
hyaloclastite tuffs, breccias, tuffaceous and nesediments whereas the deeper part is
dominated by subaerial basaltic lavas (Bjornsson akt 1972; Tomasson and
Kristmannsdottir, 1972; Lonker et al., 1993; Framest al., 2002; Marks et al., 2010).

Reaction of geothermal fluids with the basaltic thaxck has formed a series of
progressively higher alteration zones with deptbenbked in the geothermal system, each
zone characterized by distinct mineral assemblagescategorized based on key index
minerals (Figure 2). In order of increasing alteraigrade the zones are as follows: mixed-
layer smectite—zeolite, epidote-mixed-layer claklodte-epidote and epidote-actinolite
(Témasson and Kristmannsdéttir, 1972; Lonker et 4#893; Franzson et al., 2002;
Fridleifsson and Elders, 2005; Marks et al., 2010).

Calcite is most abundant in the smectite-zeolit the chlorite zones, and observed
sporadically throughout the chlorite-epidote zadihés typically absent, or occurs in trace
guantities in the deeper portions of the epidoteialite zone, where temperature exceed
300°C (Freedman et al., 2009). Of the sulphide mais€found at Reykjanes, pyrite is the
most abundant and it is present at all depths irallsmamounts (Témasson and
Kristmannsdottir, 1972). Anhydrite is observed sulcally (Lonker et al., 1993; Franzson
et al., 2002; Marks et al., 2010).

Franzson et al. (2002) studied the mineral demrsisequence in samples from the
well RN-10. The results are summarized in Figuré&t3depths <600 m, smectite linings
fall nearest to the wall of the voids, and thenceeced by aragonite, chalcedony (possibly



initially deposited as opal) and zeolites. The ygest depositions are calcite and anhydrite.
Below 600 m, possible anhydrite is succeeded bgrit] prehnite, quartz and minor

calcite. Pyrite, epidote and wollastonite are foandimilar episodes of precipitation and
amphibole and quartz are the youngest depositidosording to these observations, the
geothermal system is moving toward higher tempegatu
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Figure 1. The Reykjanes geothermal area, ReykjReeinsula, Iceland (after Freedman
et al., 2009).

2.3 Fluid chemistry

At present, the Reykjanes geothermal water reptederated seawater without any
freshwater mixing (Arnérsson, 1978), however, fluidlusion studies on borehole cuttings
and stable isotope ratios of geothermal fluids sexbndary minerals indicate that dilute
fluids dominated the system at earlier times (Syéimsdottir et al., 1986; Franzson et al.,
2002; Pope et al., 2009). The difference in the masition of seawater and the geothermal
water is due to interaction with the basaltic hasks at elevated temperatures, with the
geothermal water enriched in SiK, Ca and depleted in Q@nd Mg but with same ClI
concentration as seawater (Bjornsson et al., 19902; Arnorsson, 1978, 1983). Depth
versus pressure and temperature profiles indichtgsgeothermal fluids in the Reykjanes



system are boiling in the uppermost 1000 to 1306f the system (Franzson et al., 2002;
Hardarddttir et al., 2009).

The Reykjanes geothermal system has been ident#iedhs active ore-forming
system (Hardardottir et al., 2001). Scales enridneghetals are common in pipelines at
Reykjanes and they include the minerals sphaldydmite, digenite, galena, chalcopyrite,
native silver, silver sulphides, gold (probably wetg in solid solutions or as
submicroscopic inclusions) and pyrite among othsidy abundances varying from well to
well due to differences in physical parameters taf wells (Hardardottir et al., 2010).
Copper, Zn, Pb, Fe, Ag, Au, As and S concentratiorscales are as high as 26.3 wt%,
26.7 wt%, 16.7 wt%, 20 wt%, 2.3 wt%, 589 ppm, 1psnpand 28 wt% respectively and
the highest metals concentrations (except for Fejaund in the wells RN-12, RN-21 and
RN-24 where extensive boiling occurs due to a sipaggsure decrease over a distance of
few centimetres in surface pipes at an throttlep@iardardéttir et al., 2010).
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Figure 2. Hydrothermal alteration zones and tempar@s identified in the Reykjanes
geothermal system (Modified from Franzson et a2 and Marks et al., 2010).
Isotherms shown are based on measured temperatureslls number RN-10 and RN-17.
Alteration zones are consistently observed in #&tgermal system.
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Figure 3. Probable time sequence of mineral depwsiin well RN-10 (after Franzson et
al., 2002).



3 Methods

3.1 Total carbon, total sulphur, sulphides and
sulphates analysis in drill cuttings

Total carbon, sulphide sulphur, sulphate sulphwt #mal sulphur concentrations
were analysed in 80 samples of drill cuttings fromo geothermal wells at Reykjanes,
number RN-10 and RN-17. The samples analysed weltected at ca. 50 m depth
intervals, from 100 m to 2051 m for well RN-10 anoim 100 m to 3050 m for well RN-
17. The wells RN-10 and RN-17 were selected addimaer is the one with the highest
downhole measured temperature and the latter islébpest well that has been drilled in
the area, in addition these wells have been extelysstudied for alteration mineralogy
and composition (e.g. Franzson et al., 2002; Freedet al., 2009; Pope et al., 2009;
Marks et al., 2010).

The fresh drill cuttings samples were washed welowised water to clean out fine
material from the drilling mud. In some cases, hisiflakes, assumed to be iron oxides
coming from the drill bit, were manually removedrond 20 g of the drill cuttings
samples were ground to fine powder using a carbalemill. The fine powder was used
both for the carbon and sulphur analysis.

Total carbon was measured using a carbon analg@ar ¥1C Inc. Coulometrics. A
known mass (20+3 mg) was weighed into a tin boat eambusted in oxygen at 950-
1000°C to convert all carbon in the sample to,@P The sample combustion gases were
swept through a barium chromate scrubber to ercamplete oxidation of carbon to GO
Moreover, a series of chemical scrubbers were tseemove all non-carbon combustion
products from the gas stream. The £0ntaining gas stream was passed into a celdfille
with a solution containing monoethanolamine andl@ranetric pH indicator. This acid
causes the colour indicator to fade. A photodetettonitors the change in the colour of
the solution as percent transmittance (%T). As%ie increases the titration current is
automatically activated to an electrochemicallyeyated base at a rate proportional to the
%T. When the solution returns to its original caloforiginal %T), the current is
terminated. The Coloumeter is based on the priesipf Faraday’s Law. Each faraday of
electricity expended is equivalent to 1 gram edeivaweight of CQ titrated. The CQ@
content is expressed as mass of total carbon akadoying the total mass of the sample,
the weight percentage of carbon can be calculddshsurements in calcite standards
(reagent purity) containing 100% (10 standards) B0 calcite (4 standards) equivalent
theoretically to 12 wt% and 6 wt% carbon, respetyivwere carried out to verify the
accuracy and precision of the instrument. The aw@tc mean obtained for the 12 wt% C
standards was 11.83 wt% C and 5.89 wt% C for thet% C standard, indicating an
acceptable accuracy and precision of the analysis.

Total sulphur, sulphide and sulphate were deterthinging a LECO® CS-400
Carbon/Sulphur analyser. The equipment utilizes2&\V® induction furnace coupled with
an infrared absorption cell. The sample is comlbgtigh oxygen in the induction furnace
adding 2 g of tungsten trioxide as a combustiorelacator. As a result, the sulphur in the
sample is oxidized to SOThe combustion gases are carried by oxygen heartfrared
(IR) cell where sulphur is detected as,SThe determination of sulphur is done by non-



dispersive (fixed) infrared energy at precise wamngths as the gases pass through their
respective IR absorption cells. The changes inggnare then observed at the detectors
and the concentration is determined. The processitbed above for sulphur measurement
is known as the LECO method and its detection lisn@.01 wt%.

The determination of total sulphur (TS), sulphideutphate (SS), and sulphate only
(S is done in 3 different steps (Table 2). For esample of pulverized drill cuttings, a
mass of about 0.1 g was precisely weighed in t@pd into preheated crucibles. Firstly,
total sulphur is measured in the sample followihg procedure described above (the
LECO method) without any previous treatment of gample. Secondly, in order to
measure sulphide + sulphate (SS) a previous stapeaded to remove elemental sulphur
from the sample. For this purpose, the second weeéiglample is pre-treated by placing it
into an electric kiln preheated to 288°C for onauholrhe remaining sulphur is then
measured by the LECO method (as total sulphur) taedresult obtained in this way
accounts for sulphate + sulphide sulphur in theganAs a third step, sulphate sulphur
(S°") is measured. The third weighed sample is plactdan electric kiln and preheated to
649°C for one hour. This is done in order to remmeulphide sulphur in addition to
elemental sulphur from the sample. Sulphur is theasured by the LECO method and the
result accounts only for sulphate sulphur. To deiee sulphide sulphur {3, measured
;szlphate é§ulphur was subtracted from sulphide phaué (SS) to give total sulphide, i.e.

"=8S-§".

In order to verify the linearity of the instrumert,set of standards with different
known concentrations were prepared from naturalemainsamples and analysed for
sulphide and sulphate. The results are shown inr&ig. The comparison of measured
versus expected concentrations of sulphide andcatdpn standard samples. demonstrate
a satisfactory linearity. The most significant smurof error may be attributed to the
process of weighing relatively small amounts of ¢benponents during the preparation of
the standards.

Table 2. Sample pre-treatment for sulphur analgsid speciation in rock samples.

Pre-treatment  Species removed Species measured
None None Total sulphur (TS)
288°C, 1 hour Elemental sulphur (ES) Sulphide and sulphate (SS)

649C, 1 hour  Elemental sulphur (ES) + sulphide€’{S Sulphate (%)
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Figure 4. The comparison of measured versus exgppemtacentrations of sulphide and
sulphate in standard samples.

3.2 Calculation of geothermal reservoir water
composition, aqueous speciation, mineral
saturation state, boiling, cooling and
reaction path modelling

The WATCH speciation program version 2.4 (Bjarnas@f94), was used to
estimate the component concentrations in the geutlereservoir water, sometimes
referred as “aquifer” or “deep liquid”, based oresfical analyses of water and steam
samples collected from discharging wells. In thiewdation of aquifer water composition
it is assumed that no transfer of heat or massrameuihe way from the reservoir to the
surface, i.e. the system was assumed to be isqlatadrsson et al., 2007). It follows that,

H dt — Hf,t

mif't = m® =m® (1—x%)+ m®? x&v
whereH, m andx designate enthalpy, concentration of thb component and vapour
fraction, respectivelyd andf are thedischarge and feeding aquifer, respectively and
and tdenotediquid, vapour and total, respectively. Furtherjsitassumed that the total
discharge enthalpy is the same as that of steaimasadl water at the aquifer temperature.
The selected reference temperatures used for tlcelat@ons are based on downhole
measurements and quartz geothermometry and thgg feom 275 to 310°C. In addition,
closed system boiling and conductive cooling calttahs were performed using the
WATCH program in order to evaluate the effects oflibhg and phase separation and
cooling on the potential precipitation of carboml a&ulphur minerals.

11



Aqueous speciation and mineral saturation statee walculated, both for aquifer
fluids and in boiling and cooling modelling, based the component concentration
obtained from WATCH program and using the Lawrebsermore National Laboratory
database (linl.dat) and the USGS WATEQ databasée@4hdat). Both these databases
are applicable to ~300°C at water vapour saturgtr@ssure and include major and trace
dissolved species and minerals found in the Reggaystem. The purpose of using the
two databases was to compare the results and ttedgffects and possible errors using
various sources of thermodynamic data. The datsbasre updated in the present study
to include data on Au-OH, Au-Cl and Au-HS complexaswell as Cu-HS and Zn-HS
complexes (Mountain and Seward, 2003; Stefanssorsaward, 2003a,b,c, 2004; Tagirov
and Seward, 2010). A summary of the types of cergd included in the calculations are
given in Table 3.

In addition, the equilibrium mineral solubilitieseve updated, as far as possible, in
the present study (Table 4) and they are basedatwes reported by Arndérsson and
Stefansson, (1999) Gunnarsson and Arndrsson (Z0tD)Stefansson et al. (2009, 2011)
and calculated using the Supcrt92 program (Johesal., 1992) and include secondary
minerals observed in the Reykjanes geothermal myftgistmannsdottir, 1979; Lonker et
al., 1993; Franzson et al., 2002; Freedman eR@09; Marks et al., 2010).To gain further
insight into gas-water-rock interaction and thesefi§ of gas (acid) supply and source of
carbon and sulphur to the system, additional reacpath simulations were conducted
using the and PHREEQC program (Parkhurst and Apa8@O) and the lIinl.data database.
The calculations involved reaction path modellifigseawater with basalts at 300°C and
water vapour saturation pressure mixed with magngas. The initial water composition
is that of seawater (Table 5) and the compositibrthe basaltic glass used for the
calculations is given in Table 6. Magmatic gas position has been simulated based on
chemical analyses of volcanic gases emitted insBysticeland (Table 7). The secondary
minerals considered in the calculations are giverable 8. In the calculations various
proportions of magmatic gas to seawater were migkkolwed by dissolution of basalts in
series of steps and minerals allowed to precipitadgantaneously upon saturation. The
redox state of the solutions in the reaction pafbwtations was taken to reflect the supply
of Fe(ll) and Fe(lll) from the dissolution reactiamd consumption of Fe by secondary
minerals. This is a convention most often usedsfarh calculations (e.g. Marini, 2006).
However, this may not be the case in open geotHesgsiems like at Reykjanes with
many redox pairs contributing to the overall redoxditions. In addition, it is somewhat
uncertain if indeed overall redox equilibrium ha&eb reached in open geothermal systems
at temperatures as high as 250-300°C (StefanssbAmadrsson, 2002). Because of this,
and the simplistic approach used in the reactioih gamulations, the results must be
viewed with care.

12



Table 3. Aqueous species included in speciatiotmilolision and mineral saturation state
calculations.

Element lon, -OH

LLNL database
Si
Na
K
Ca
Mg
Fe
Al
CO,
H,S
SO,
Au
Ag
Cu
Pb
Zn
WATEQ database
Si
Na
K
Ca
Mg
Fe
Al
CO,
H,S
SO,
Au
Ag
Cu
Pb
Zn

Cl -F -Sp -HS -CO -Me

x X x X x
X x X x <
><><><><><><
X x X x

X x X X

X ox X X X X x X X s X x X x X
x

X x x X X
X x X X
X x X X

x X

X s X X X x
x

><><><><><><><><><><><><><><><
x

X x x X X
X x X X
X x X X
X x X X X
X x X X
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Table 4. Equilibrium constants as a function of penature for mineral dissolution and mineral-gasacgons potentially controlling the
aquifer fluid composition. The equations are vaidPsat. Unit activity is assumed for all mineralsd liquid water.

# Reaction logK = a+ bT + ¢/T + d¥+ elogT Reference

a b c
Mineral reactions
1 l-alb + 8HO = N& + Al(OH), + 3H,SiO, 635.486 0.4057 -16702.0  -2.1245E-04  -283.590  S#sfémet al. (2009, 2011)
2 mic + 840 = K" + AI(OH), + 3H,SiO, 636.075 0.3988 -18302.6  -2.0902E-04  -282.044  Sssfimet al. (2009, 2011)
3 gtz + 2HO = H,SIO, -57.702 -0.0106  746.7 -1.5087E-06  22.111 GunnaraadrArnorsson (2000)
4 anh = C& + SQ* 1804.919 0.8489 -42490.7  -3.8096E-04  -762.156  S#sfin et al. (2009, 2011)
5 cc+ H =Cca" + HCOy 853.061 0.4131 -18773.4  -1.8914E-04 -361.511  Sssfimet al. (2009, 2011)
6 chl + 2HO + 8H" = 5M¢”* + 2AI(OH), + 3H,SiO, 340.576 0.4436 11208.0 -2.9070E-04  -190.728  Stefdmet al. (2009, 2011)
7 czo + 11HO + H" = 2C&" + 3AI(OH), + 3H,SiO, 1997.556  1.1660 -43989.9  -5.9048E-04  -878.248  S#sfin et al. (2009, 2011)
8 epi + 11HO + H' = 2C&"* + Fe(OH) + 2Al(OH), + 3H,Si0, 1224.738  0.7588 -28063.9  -3.9694E-04  -547.838  Sdsfin et al. (2009, 2011)
9 wol + KO + 2H = C&" + H,SiO, -91.644 -0.0116  7418.1 -7.9588E-06  34.062 Stefanesal. (2009, 2011)
10  pre + 8HO + 2H = 2C&"* + 2AI(OH); + 3H,SiO, 1232.731  0.7607 -24606.1  -3.9792E-04  -547.640 Sssfin et al. (2009, 2011)
11 py+ 2H + Hy(aq) = 2H4S(aq) + F&' -169.899 -0.0473  4844.2 1.0275E-05 67.777 Stefanssal. (2009, 2011)
12 wai + 10HO = C&"* + 2AI(OH); + 4H,SiO, 1219.925 0.7616 -27225.6  -3.9653E-04  -544.465  Sdsfin et al. (2009, 2011)
13  mt+4HO = Fé" + 2Fe(OH) -137.203 -0.0383 101.9 8.9963E-06 46.959 Stefanssah (2009, 2011)
14 gro + 8HO + 4H = 3C&" + 2AI(OH), + 3H,SiO, 1221.164  0.7654 -18849.8  -4.0685E-04  -544.150 Sdsfin et al. (2009, 2011)
15 pyrr+2H =Fé" + H,S -283.060 -0.1012  9192.2 3.4229E-05 114.180 Stefdnssal. (2009, 2011)




Table 4. Cont.

# Reaction logk = a + bT + ¢/T + di+ elogT Reference
a b c
Mineral and gas buffer reactions
16  1/3 py + 1/3pyrr + 2/3pre +2/38 = 2/3epi + HS(aq) -245.220 -0.1117  2422.3 4.9022E-05 103.976 efalson et al. (2009, 2011)
17  2/3gro + 1/3py + 1/3pyrr + 2/3qtz + 4/3M= 2/3epi + 2/3wol + kB(aq)  -243.537 -0.1191  1992.6 5.4405E-05 104.534 efasdson et al. (2009, 2011)
18  2gro + l/4py + 1/2mt + 2qtz + 26 = 2epi + 2wol + HS(aq) 93.838 0.0334 -7152.1 -9.6297E-06  -36.000 faldseon et al. (2009, 2011)
19  1/4py + 1/2pyrr + BD = 1/4mt + HS(aq) -244.317 -0.1128  2702.6 4,9568E-05 103.553 efasdson et al. (2009, 2011)
20  6py + 3/2pre + 104D = 2mt + 3/2qtz + czo + anh + 11%{aq) -5225.473  -2.3344  84692.2 9.7029E-04 2199.008tefansson and Arnorsson (2002)
21  wol +6py + 11 KO = anh + gtz + 2mt + 1143(aq) -1677.048  -0.6458 5127.4 2.6208E-04 696.705 upci®2 Johnson et al. (1992)
22 4/3pyrr + 2/3pre + 2/3}D = 2/3epi + 2/3py + k{aq) 46.658 0.0123 -2998.3 3.8682E-06 -19.004 Bssfin et al. (2009, 2011)
23 2/3gro + 4/3pyrr + 2/3qtz + 4/38 = 2/3epi + 2/3wol + 2/3py + KhaQq) 62.084 0.0157 -3569.7 3.5152E-06 -24.907 Bssfin et al. (2009, 2011)
24 6gro + 2mt + 6qtz + 4D = 6epi + 6wo + Kaq) 160.375 -0.0361  -17219.3  4.6184E-05 -46.378 efaBsson et al. (2009, 2011)
25  pyrr + H,0 = 3/4py + 1/4mt + kaq) 72.221 0.0164 -3587.8 3.8553E-06 -28.831 Bssfin et al. (2009, 2011)
26  3/2py + 4.5pre + 80 = 0.5mt + 9/2qtz + 3czo + 3anh + L{&h) -3285.059  -1.4852  42034.3 6.6130E-04 1375.828tefansson and Arndrsson (2002)
27  3py + 6wol + 22 KD = mt + 6anh + 6qtz + 22khq) -6458.827 -2.7165  96711.0 1.1290E-03 2675.646  $pdohnson et al. (1992)
28  czo + cc + 3/2qtz + 40 = 3/2pre + CGaq) -4.029 0.0034 -1566.5 2.9261E-06 1.146 Stetimst al. (2009, 2011)
29  czo + cc+ 3/5qtz = 3/5gro + 1/8Bl= CO(aq) -66.246 -0.0165 -571.9 9.6457E-06 26.245 B#sfén et al. (2009, 2011)

I-alb: low-albite, mic: microcline, qtz: quartz, laranhydrite, cc: calcite, chl: clinochlore, cztinezoisite, epi: epidote,
wol: wollastonite, pre: prehnite, py: pyrite, waiairakite, mt: magnetite, gro: grossular, pyrr:rpptite



Table 5. Seawater composition after Bruland (1983ess otherwise specified. Average

concentrations at 3.5% salinity.
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Element Probable main species Conc.
in oxygenated seawater pmol/kg
t (°C) 2
pH 7.8
Density (kg/L) 1.023
Salinity 3.50%
Cl cr 546000
Na N& 468000
Mg Mg®* 53200
S SQ%, NasQ, MgsQy 28200
Ca cg' 10300
K K* 10200
C HCO;, CO” 2300
Br Br 840
B HsBO; 416
Si H,SiO, 100
Sr SF* 90
F F, MgF' 68
N NO5, (Ny) 30
Li Li* 25
P HPQ?, NaHPQ', MgHPQ/° 2.3
Mo MoO,* 0.11
Ba B&* 0.1
As HAsO* 0.023
Al Al (OH) 4, Al(OH) 0.02
Ni Ni%*, NiCOs, NiCI* 0.008
Zn Zrt*, ZnOH', ZnCQ;, ZnCrl* 0.006
Cu CuCQ, CuOH, C#* 0.004
Cr CrO? NaCrQy 0.004
Fe Fe(OH) 0.001
Mn Mn?*, MnCI* 0.0005
Au AuCl, 0.000025
Ag AgCl, 0.000025
Co Cd*, CoCQ, CoCl 0.00002
Pb PbCQ, Pb(CO3)* PbCI 0.00001
0 O, (H.0) 0-300
Ti® Ti(OH),° 0.021
21i (1982)



Table 6. Basaltic glass composition after Oelkerd &islason (2001) for major elements
and after Peate et al. (2009) for trace elementepkfor sulphur and carbon.

Major elements (wt %)

Sio, 48.12
TiO, 1.564
Al,O; 14.62
Fe03 1.11
FeO 9.82
MnO 0.191
MgO 9.08
CaO 11.84
Na,O 1.97
K20 0.29
P,0Os 0.195
Sum 98.8
Trace elements (ppm)
S 800
Cr 593
Y, 287
Ni 270
Sr 192
Cu 140
C 120
Zr 94.70
Zn 92
Ba 72.20
Co 59
Sc 39
Y 23.20
Ce 21.77
Ga 16
Nb 14.80
Nd 13.71
La 9.26
Rb 4.80
Dy 3.90
Gd 3.87
Sm 3.56
Pr 3.06
Er 2.29
Yb 2.03
Pb 1.29
Eu 1.26
Lu 0.30
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Table 7. Chemical composition of volcanic gases itedmat Surtsey, Iceland (after
Sigvaldason and Elisson, 1968). Concentrationsraraol%.

Date of sampling Sample .8 HCI SQ CO, H, (6{0) O
1965.02.21 17 86.160 0.400 3.280 4.970 4.740 0.3800.000
1965.02.21 22 86.160 0.400 1.840 6.470 4.700 0.3600.000
1965.02.21 24 86.130 0.430 2.860 5.540 4.580 0.3900.000
Average 86.150 0.410 2.660 5.660 4.673 0.377 0.000
gas/HO mol ratio 1.000 0.005 0.031 0.066 0.054 0.004 000.

Table 8. Secondary minerals observed in the Regkjageothermal system and their

compositions considered in the present study. Mattibns calculated based on
compositions reported by Marks et al. (2010); Laonké al. (1993); Freedman et al.

(2009).
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Secondary mineral  Formula Mol fraction
Actinolite’ Ca(Mg,Fe)SigOp,(OH),

Tremolite CaMgsSigO,,(OH), 1
Albite-low NaAlSi;Og 1
Anhydrite CaSQ 1
Calcite CaCQ@ 1
Chalcopyrite CuFeS 1
Chlorite* (Mg,Fe}Al,Siz0;(OH)g

Clinochlore 7A MgAI ,Siz0;¢(OH)g 1
Chamosite 7A RAI,Si;0;,(OH)g 1
Epidoté CaFeALSi;O;,(OH)

Clinozoisite CaAl3Siz015(0OH) 0.24
Epidote CaFeAl,Siz01,(0OH) 0.76
Galena Pbs 1
Garnet Cas(Fe,Al),Siz01

Grossular C#Al,Si;015 1
Andradite CaFeSi;0;s 1
Hematite FeOs 1
K-feldspar KAISEOq 1
Magnetite FeO FE©; 1
Prehnité CaAl(Al,Fe)Sis0;o(OH),

Al-prehnite CaAl »Siz0,o(0OH), 0.82
Pyrite Fe$ 1
Quartz SiQ 1
Sphalerite (Zn,Fe)S 1
Titanite CaTiSiQ 1
Wollastonite CaSig 1

*solid solution



4 Fluid composition and water-rock
equilibria

4.1 Two-phase well discharge and aquifer
composition and aqueous speciation

The chemical composition measured in 20 geothemsér and steam samples
collected at the surface from the discharge of 8swat Reykjanes was used for the
reconstruction of the aquifer fluid composition.eTtow data have been reported by ISOR
(Iceland GeoSurvey, unpublished data) and by Gi{@008).

The aquifer composition calculated with the aidled WATCH program is given in
Table 9. The selected reference temperatures usethé calculations were based on
downhole measurements and quartz geothermometrpetatures in some cases and
ranged from 275°C to 310°C. The obtained pH valuethe deep aquifer water were
between 4.5 and 5.0. The major components contemsain ppm, range as follows: Cl:
~16650-20035; Si® ~580-800; Na: ~8725-10250; K: ~1250-1530; Ca:15t4717; SQ
~10-28; CQ: ~884-2357; HS: ~25-90; B: ~5.8-8.8; Fe: ~0.08-3.4; Mg: ~0.5:14%:
~0.01-0.09; F: ~0.12-0.24;,H0.07-0.6; CH: 0.02-0.3 and I 7.8-65.7.

The aqueous speciation distribution of major elesemas calculated using two
thermodynamic databases, the linl.dat and watea@fthe results with respect to the
species used for mineral saturation state calcwgtiare given in Appendix A.
Interestingly, the predominant species for a gieement varies somewhat between the
databases (Table 10). In addition, the distributod redox sensitive components was
observed to be different between the databases teeeigh the redox state was fixed in
both cases by the,8/SQ, redox pair. In particular, the Fe, Mg and Ca-Qinplexes are
apparently more stable according to the linl.datallase as well as ion-pairs like
NaAl(OH), and CaS@ag). On the other hand, Ca-Cl complexes, whicly rha
important in saline fluids, are not considered mteg4f.dat, resulting in calculated®as
the dominant species. As discussed below, thesatieais have important implication for
the calculated mineral saturation states in sorasesca

In many cases, no high-temperature data existmpair constants and metal-ligand
(Me-ligand) complexes. The values in the databames therefore, based on low-
temperature values extrapolated to higher temp@astu This explains the difference
between the results of the agueous speciationlasitms. In particular, data on Me-GO
SQ,, HS and Cl complexes are absent at elevated tatopes and in some cases at all T-p
conditions. For example, the NaHg@&x), MgHCQ', CaHCQ' ion pairs are calculated
to be important for C@speciation, accounting for >50% of total dissolv@@®, under
aquifer conditions. However, data on these iom-panstants only exist at <100°C, and
the extrapolated values at 200-300°C for the duyuilin ion-pair constants depend very
much on the low-temperature values selected thgtvaiy by >1 log unit.
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Table 9. Aquifer water composition at Reykjanescasulated using the WATCH program. Row data fanglgs 1-18 are from ISOR
(unpublished data) and data for samples 19-20 e fGiroud (2008).

Sample # Well ahuier pH SiO B Na K Ca Mg Al Fe Cl Cco H,S SQ Hy CH, N,

(°C) ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppmppm  ppm  ppm
1 RN-10 310 4735  666.13 8.245 9724.26 1496.35 9824 1.2 0.0435 33634 1912689 0212 235223  84.810.78 0.24 032  29.69
2 RN-10 310 4710  730.71 7.3698  9376.88 1386.93 0288 1.082  0.029 2.1404 1843232  0.204  1986.7 90.112.39 016 011 78
3 RN-10 310 4882 74779 7.4864  9570.23 144551 8083 1.222 0.0306 1.9183  18962.21  0.238  1801.1  173.010.61 027 022  30.89
4 RN-10 310 4814  799.55 75957 944151 1378.8 5805 1.097 0.0145 09186  18032.43  0.23 203522  87.31242 032 027 2841
5 RN-11 295 4859  678.45 8.0957  9815.14 1436.98 0583 0.933 00531 09856  19359.24  0.229 17787  952.812.23 0.12 021  27.56
6 RN-12 295 4908  703.9100  7.8349  9670.2700  1417.44666.65 0778  0.0201  0.3673  19237.35  0.219  1700.845.5 1469 017 012  46.28
7 RN-12 295 4918  629.09 7.4161  8984.46 1306.91 5181 0.62 0.0159 03385  17410.72 0195 1562.61 840.716.39 0.1 0.08 30.76
8 RN-12 295 4951  656.76 7.7902 940351 1381.35 7882 0.75 0.0312 04283 1834657 0214  1461.23 83841651 0.08 0.07 4249
9 RN-12 295 4961  664.0000 83547 9385.3000  1399.78617.58  1.059  0.084 0.1662  18887.84  0.219  1500.642.04 17.41 008 0.07 1596
10 RN-12 295 4983  679.36 8.1007  9495.07 1390.74 3178 1.005 0.0596  0.6491 1942051  0.213  1362.86 .6124 1601 0.07 011 657
1 RN-18 285 4,922 602.47 7.771 10194.92 1478.25 0177 0594  0.0545 0.2086  20012.64 0.21 1239.08 4134. 16.94 029 0.06  13.93
12 RN-18 285 4966  626.5 8.165 9962.34 1431.02 8845 0.522  0.048 0.3851  19539.53  0.205  901.45 30.987.89 0.08 003 11.92
13 RN-19 275 4,947 619.31 7.5395  10120.79 1419.03507.89  0.592  0.0312  0.0906  19072.97  0.188  1073.391.613 1948 0.26 0.06 12.63
14 RN-19 275 4970  587.23 8.2213  9965.33 1439.39 63868 0715 0.0477 04327 1983353  0.177 884.42 0728. 2375 0.11 0.02 925
15 RN-19 285 4956  598.93 7.2913  9787.73 1372.33 5826 0573 0.0302 0.0876 1844531  0.182  1331.41 6738 1884 032 007 1575
16 RN-21 284 4856  621.92 8.77 10178.95 1496.19 7768 0.787  0.0771  0.4404  19999.97  0.197  1020.03 53511593 024 0.05 1271
17 RN-23 305 4964 70177 8.3774  10251.14 1529.86 71759  1.456  0.0965  2.0965  20035.6 0219  1301.29 .2 65 1412 056 013 1276
18 RN-23 305 4930  700.73 7.7685  9265.18 1359.93 0358 0.839  0.0208 0.8391  18668.78  0.208 152691 62 2855 0.5 0.05 9.49
19 RN-12 285 4601  616.45 6.1609  9229.52 1301.9 5282 0723 00209 0.3918  17511.2 0.117  1906.14 956.514.34 0.16 0.09 18.11
20 RN15 276 4479  581.24 5.8107 8726.38 125157 5941 0.93 0.0389  0.2534  16650.96  0.119  2357.37 550.321.02 024 0.5 29.81




Table 10. Dominant species for major componentmunfer fluids according to the LLNL
and WATEQ databases.

Element Dominant species
LLNL database

Si H,SiO,

Na N&

K K*

Ca CaC)

Mg MgClI

Fe FeCJ", FeCl*
Al NaAI(OH),
COo, COo,

H,S HS

SO, CasQ
WATEQ database

Si H,SiO,

Na Na&

K K*

Ca ca'

Mg M92+

Fe Fe(OH), F&*
Al Al(OH) 4
CO, COo,

H,S H,S

SO, SO

In addition, the calculated pH value of the degpill inherent large uncertainties. It
is based on measured concentrations of weak aaoidsases in the surface fluids and
conservation of alkalinity and depends on the agsespecies distribution of most major
elements in one way or another. For saline watleescalculation of pH using the WATCH
program is subject to substantial error as the ¢exnHCI is not included in the agueous
species. Thus, calculated pH may be up to 0.5 Jopitger than actual values, this
uncertainty is estimated based on dissociationailibga for HCI at ~300°C. Using
conservation of charge balance for pH calculati@mewhat different results were
obtained for some samples, however, this approadchely depends on the analytical
uncertainties of Na and Cl in the saline Reykjahads and resulted in variations between
~4 and ~6.

4.2 Mineral equilibrium
The saturation index of secondary and primary nailseés defined by

Sl = log@Q/K)

whereK is the equilibrium solubility constant for a pattiar mineral dissolution reaction
andQ is the reaction quotient given by
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Q =[]a"

where &’ is the activity of thei-th mineral or agueous species andis its reaction

stochiometry, positive for products and negative meactants. For mineral dissolution
reactionQ,>K denotes supersaturatidp=K saturation an@,<K undersaturation.

The equilibrium mineral-water reactions potentialgntrolling the geothermal water
composition must involve the observed secondaryerais and in the Reykjanes
geothermal system these are among others epidhnife, calcite, anhydrite, clays,
zeolites, albite, pyrite, wollastonite, amphibotelajuartz (Franzson et al., 2002; Marks et
al., 2010). However, as demonstrated by Franzsah €002) the minerals may not have
coexisted during the lifetime of the system, aret¢fore, the fluids of today may not be in
equilibrium with all these minerals.

The saturation state with respect to these mingabhown in Figure 5. The values
for the equilibrium solubility constants are givenTable 4 and the secondary mineral
activities in Table 8. The reaction quotients, ®@ere calculated both using the lIinl.data
and wateg4f.dat databases.

Relatively close approach to equilibrium is obéairfor most of the minerals, with
some systematic differences of importance, foramse, the reaction quotients calculated
using the wateg.dat database in general higher tiase calculated using the lInl.dat
database. The results indicate that difficultiesl gotential errors associated with the
agueous speciation calculations as well as witmefgal analyses are a large source of
uncertainties. Low-albite and microcline are chldted to be close to saturation, however,
a difference of about 1 log unit was obtained betwthe databases, largely resulting in
differences in the calculated activity of Al(OH)linked to NaAl(OH)(aq) ion-pair
constants and Al-OH hydrolysis reactions. In additisignificant scatter is observed in the
data points calculated using the same databasestimgy analytical problems involved in
total Al analysis, which is supported by observatad differences up to ~0.6 orders of
magnitude in Al concentrations reported for sampies the same well, but differences in
pH also have a significant effect. Similar scai$eobserved in the saturation state of other
Al-bearing as well as Fe-bearing minerals. Anhyd@ind calcite were observed to be
supersaturated and undersaturated, respectivet, litle scatter but with systematic
differences between databases attributed to thmuledibn of C&". On the other hand,
quartz, clinochlore, clinozoisite, epidote, prednipyrite, wairakite, grossular are all
observed to be close to saturation and pyrrhotite vaollastonite undersaturated, yet, as
mentioned above, large scatter of the data isreedeas well as differences between the
results of the two databases, except for the chgaavtz. For, Fe(lll) containing minerals
like epidote and magnetite, the calculated reactjoatients using the lInl.dat database
were orders of magnitude below saturation (>10upoigs). This is due to calculated high
stabilities and predominance of Fe(lll)-Cl complgxt#hat is most likely overestimated and
inconsistent with magnetite solubility in HCI-NaGblutions at 200-450°C (Saunier,
2011).

One possible way of decreasing the uncertaintisscésted with aqueous speciation
calculations is to write the reactions of importamt terms of mineral buffers in a way that
some aqueous species are cancelled out. Sevehahsneral buffers have been proposed
to potentially control aquifer CQ H,S and H concentration and involve minerals
including pyrite, pyrrhotite, prehnite, epidoteindzoisite, quartz, wollastonite, magnetite,
grossular, anhydrite and calcite (Table 4). A reabte good agreement is observed
between the aquifer concentrations of B, and HS and the reactions,
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czo + cc + 3/2qtz + 0 = 3/2pre + CQPaq)
3/2pyr + 9/2pre + 8bD = 1/2mt + 9/2qtz + 3czo + 3anh + 1&h)
6pyr + 3/2pre + 10D = 2mt + 3/2qtz + czo + anh + 11%{aq)

assumingpc, = 0.24,85 = 0.82 (Lonker et al., 1993; Freedman et al., 2008rks et al.,
2010) (Figure 6). This is consistent with what waserved by Stefansson and Arnérsson
(2002). Close approach to equilibrium was also okesk between K and HS
concentrations and the reactions,

wol + 6py + 11 HO = anh + qtz + 2mt + 1143(aq)
3py + 6wol + 22 HO = mt + 6anh + 6qtz + 22(hq)

which involve only pure minerals, and thereforegidwuncertainties related to secondary
minerals activities in the calculation of the eduilm constants. Equilibrium curves for
buffers involving pyrrhotite plot above the datars, this being consistent with pyrrhotite
calculated undersaturated and not reported in asilber mineralogy at Reykjanes.
However, unlike for KBS concentrations, most of the, ldoncentrations plot above the
equilibrium curves for the assemblages involvingriteyprehnite-magnetite-quartz-
clinozoisite-anhydrite and pyrite-wollastonite-magte-anhydrite-quartz, this trend may
be attributed to trace aquifer steam fraction sikg8 is much more soluble than, H
(Arndrsson et al., 2007). Assuming the former mahéuffer assemblage to controb H
and HS concentrations and using the methodology propbgefirndrsson et al. (2007),
an equilibrium vapor fraction of 0.007 to 0.04 byasa was estimated. However, bearing
in mind the uncertainties associated with the dated equilibrium curves for the mineral
buffer reactions, secondary mineral activities, ameciation in saline fluids at high
temperatures, it cannot be concluded from the dlataleed such a small steam fraction
exists in the Reykjanes system.
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Figure 5. Mineral saturation state with respect(&) low-albite, (b) microcline, (c) quartz
(d) anhydrite (e) calcite, (f) clinochlore, (g) mbzoisite, (h) epidote, (i) wollastonite, (j)
prehnite, (k) pyrite, (I) wairakite, (m) magnetit@) grossular and (o) pyrrhotite. Lines
represent equilibrium solubility curves. Data pa@intere calculated using two different
databases (lInl.dat and wateq4f.dat). Symbols heestme for all figures.
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Figure 6. The concentration of (a) GO(b) H,S and (c) H in aquifer fluids. Lines
represent equilibrium constants for mineral-gas atgans (see Table 4) considering
average prehnite activity of 0.82 and clinozoisit®.24.
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5 Sulphur and carbon transport and
precipitation in the Reykjanes
geothermal system

5.1 Carbon and sulphur content in altered rocks
and secondary mineralogy

For the present study the data on secondary mawradnd carbon and sulphur
abundance were selected from wells RN-10 and RN-I1Fhese wells have been
extensively studied for this purpose (Franzsor.ef@02; Wiese et al., 2008; Freedman et
al., 2009; Marks et al., 2010) and the presentrdmriton builds on that knowledge. Well
number RN-10 is considered to be located within deetre of the present-day thermal
anomaly and the highest temperature has been extordhis well. Well number RN-17 is
located approximately 700 m south of the flank leé anomaly and is the deepest well
drilled in the Reykjanes geothermal system. Theridigion of secondary minerals and
measured temperatures in the wells are shown ior&id, however, for well RN-17
temperature measurements at depths higher than 2vé&ra not possible due to the
plugging and collapse of the well and they are adimated. The geothermal wells RN-
10 and RN-17 show similar stratigraphic formatiaml the same alteration zones are
consistently observed at approximately similar degFreedman et al., 2009).

Pyrite is abundant throughout most of the cuttimgervals in both wells and
becomes less abundant below 2000 m depth. Spleatesparsely distributed in well RN-
17 from about 400 m to 1200 m, and is found indramounts to the base of the well.
Chalcopyrite, galena, and other sulphides aresgaosely distributed in RN-17. Anhydrite
occurs in trace amounts within the smectite-zeddae, epidote-mixed layer clay zone,
chlorite-epidote zone and occurs rarely in the efgidhctinolite zone. It is observed from
~200 to ~1500 m in RN-17 and from 100 to 600 m &@dO to 1400 m depth
approximately in RN-10. Calcite is observed in RNftom ~1100 m depth up to the
surface and from ~350 to ~1100 m as well as from0020 ~2800 m in RN-17. Calcite is
not reported in RN-10 below 1100 m (Franzson et28l02; Freedman et al., 2009; Marks
et al., 2010). Inspections using stereo and petpdgc microscopes were performed by
Franzson et al. (2002) for mineral identificatioms samples from RN-10 whereas
backscattered electron imaging was conducted bk$/eiral. (2010). The latter method is
much more sensitive to small amounts of mineratk #rerefore, sulphides like sphalerite,
chalcopyrite, and galena probably present in t@weunts in samples from RN-10 may
have not been detected.

Total carbon, sulphide, sulphate and total sulgimncentrations were measured in
drill cuttings from the wells RN-10 and RN-17 called at different depths in order to gain
insight into the accumulation of these speciedqandltered rocks and their distribution in
the geothermal system. The results are shown ior&i§. Both total carbon and total
sulphur enrichment were measured in the altereksraompared to reported values of
elemental concentrations measured in fresh balak. is consistent with previous work
(Gunnlaugsson, 1977; Wiese et al., 2008).
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Carbon content in the altered rock notably increasedepth decreases from ~0.01 to
~2.0 wt% in the depth range of 1000 to 500 m it ®&-10 and from ~0.01 to ~1 wt%
from 1100 to 200 m in RN-17. Below 1100 m, carbontent does not follow a markable
trend with respect to depth and values range frodn5<ppm to a maximun of ~0.03 wt%
in both wells. This is consistent with calcite obesl to be more abundant in
approximatelly the same depth range in both w&hss may indicate that boiling occurs in
the last 1100 m in the geothermal system and ttusgss being responsible for calcite
precipitation and increased carbon content in therdthermally altered rock. Similar
vertical distribution pattern of carbon was repdrtgy Wiese et al. (2008). The very low
carbon content in the deepest parts of the wetlgests that carbon mineralization may be
not taking place in at least some parts of thefagbut being leached from rocks.

Sulphide concentrations range from <0.01 to ~1 wi%ell RN-10. The minimun
values were obained at ~350, 600, 750 and 850 mnasximum concentrations are
observed at 1500 and 150 m depth. In well RN-1phsdé content ranges from <0.01 (at
~700 and 1150 m ) to 1.2 wt%, (at ~150 m). Unlikedarbon content, no markable trend
as a function of depth is observed for sulphideceatrations and focussed deposition of
sulphide is probably not occurring. Pyrite, the traisundant sulphide mineral is thought
to readily precipitate from boiling geothermal watein addition, the solubilities of other
metallic sulphides may behave in a similar way asplyrite, however, the observations
above indicates that sulphide mineralization merdmanis more complicated than for
carbon and is influenced for a set of variablesee®ncing changes upon boiling and
cooling of the fluids.

Measured sulphate concentrations range from ~@.a38& wt% at ~800 and 100 m
respectively in well RN-10 and from ~0.02 to 0.3&in well RN-17 at ~1600 and 400 m
respectively. The highest values were found inuppermost 400 m depth in both wells.
As for sulphide, not a markable trend as a functiérdepth is observed for sulphate
concentrations.

Gunnlaugsson (1977) measured total sulphur in dattings collected at different
depths from well number RN-8 at Reykjanes and freells H3 and H6 in the Krafla and
Namafjall geothermal systems, respectively, botoested with dilute fluids. He reported
sulphur concentration ranging from 0.1 to 0.55 wi8ém 0.1 to 1.5 wt% and from 0.0 to 6
wt% approximately in the Reykjanes, Namafjall anchflta systems, respectively, and
concluded that vertical distribution pattern ofpduir in Krafla and Namafjall were similar,
with sulphur observed to be clearly more abundarg depth range corresponding to the
boiling zone, whereas in Reykjanes sulphur conaéntrs were observed to be similar at
all depths, except for the shallowest part, in Rayks. Similar results for sulphur
distribution were obtained in this study. Theseenbations suggests that at Reykjanes,
sulphur precipitation relatively homogenously aduaction of depth may be due to
additional sulphur supply from seawater intrudingak depths in addition to sufficient
availability of cations, those being mainly metals.
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Figure 7. Stratratigraphy, alteration zones, dibtuition of secondary minerals and
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Figure 8. Mass content of (a) total carbon, (b)tatulphur, (c) sulphide, and (d) sulphate
measured in drill cuttings from wells number RN&fl RN-17 as a function of depth.
Gray rectangles represent background carbon angtaud reported by Flower et al.
(1982) and Gunnlaugsson (1977), respectively.
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5.2 The transport of H,S, SO, and CO, and
associated metals in the Reykjanes
geothermal system - equilibrium mineral
saturation, boiling and cooling

The transport and precipitation of sulphur and carlm the Reykjanes geothermal
system depends on the geochemical behaviour ofdhmonents themselves as well as
the associated metals known to complex £8,F6Q and CQ and form sulphide, sulphate
and carbonate minerals. The most important armwsitransition metals including Fe,
Cu, Zn, Pb and possibly also Ag and Au for sulphi@asport and Ca for sulphate and
carbonate transport. In addition, redox reactioesvben HS and S® and possibly
formation of thermodynamically stable intermedisitéphur species may also be important
(Pokrovksi and Dubrovinsky, 2011).

Recent fluid analysis on samples collected downlalelepth between 1350 and
1500 m at Reykjanes (Hardardottir et al., 2009)eheavealed that some of these metals
may have been lost upon fluid ascent to the sur{&gure 9). This may be due to
quantitative removal of these elements by predipita Therefore, in order to study the
effects of sulphide, sulphate and carbonate mirsatalration as well as effects of boiling
and cooling on their transport and speciation, #wpifer fluid composition was
reconstructed based on samples collected at suif@atewells RN12, RN-19 and RN-21
for major elements and downhole samples from timeesaells for some trace elements
(Table 11).

The sulphides pyrite, sphalerite, covellite, acaatland gold are observed to be
supersaturated under aquifer conditions whereangas undersaturated (Figure 10). The
main sulphate mineral, anhydrite, is also obseteelde supersaturated whereas calcite is
undersaturated. The saturation state of the sil#phinerals is very dependent on the
agueous speciation calculations and the respeatineral solubilities. For Fe, Cu, Pb, Zn
and Ag, free ions, hydroxo and chloro complexesipmanated whereas for Au, hydroxo
and sulphido complexes were most important. For3ta and CQ, the C&’, CaSQ(aq)
and CQ(aq) species were most important, respectivelypbhugr species were also present
in significant concentrations including CAC8Q and CaHC@'.

Upon boiling and cooling, most sulphides becampgesaturated or increasingly
more supersaturated. This trend suggests thatidelpninerals have the potential to form
both upon fluid cooling as well as upon boiling apdase separation. In turns, the
saturation to supersaturation of these mineralewuaduifer conditions and upon boiling
and cooling is somewhat consistent with sulphidgadyobserved relatively homogeneous
throughout wells RN-10 and RN-17 (Figure 8) andtpyand other sulphides present at all
depths in the system (Franzson et al., 2002; Fraadehal., 2009; Marks et al., 2010).

The aquifer fluids are calcite undersaturated,dégree of undersaturation was however
found to be dependent on both the Ca and §p@ciation as well as the pH value. Upon
boiling, they become increasingly less undersaddradand in fact supersaturated if
uncertainties related to the calculation of pH emesidered. Cooling, however, has the
reverse trend, making calcite increasingly moreeusaturated. These findings are in
reasonable agreement with calcite being absenhendeeper parts of the Reykajnes
system, whereas upon boiling calcite has the paletd precipitate as observed in

increased mass of carbon above 1000 m depth, pomdsg approximately to depth of

boiling.
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Figure 9. Calculated and measured aquifer concditrs of selected (a) major and (b)
trace elements at Reykjanes. Calculated concentratwere obtained with the aid of the
WATCH program based on surface samples from weitsoer RN-10, RN-12, RN-15, RN-
19, RN-21. Measured compositions in deep liquidpasnare from wells number RN-12,
RN-19, RN-21, reported by Hardardaéttir et al.( 2D09
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Anhydrite is slightly supersaturated with respexttitie aquifer fluids. However,
upon both conductive cooling and adiabatic boilitttg fluids become undersaturated.
This is in qualitative agreement with anhydrite rstically being observed in the
Reykjanes system (Franzson et al., 2002; Freeditnah, 2009; Marks et al., 2010) and
homogeneous sulphate concentrations in the wetingst as a function of depth but
somewhat contradicts the observations of slightiiplsate enrichment in drill cuttings
samples from the uppermost 400 m. In additionhdusd be kept in mind that the total
sulphate and sulphide concentrations in the alteyekks are somewhat higher than in fresh
basalts, suggesting that both sulphides and sw@phhave potentially formed in the
Reykjanes geothermal. Sulphate mineralisation atayr not only as an effect of boiling
and cooling of ascending geothermal waters but adsa result of mixing of rising steam
with colder seawater in the shallowest part of fiystem, this leading to anhydrite
precipitation from the heated seawater due teit®grade solubility.

Table 11. Aquifer fluid composition at Reykjanesdashon surface and downhole samples
for major and trace elements, respectively.

Well # RN-12 RN-19 RN-21
taauifer (o) 295 275 284
pH 4.94 4.96 4.86
Major elements, mmol/Ky

Sio, 11.09 10.02 10.35
B 0.731 0.711 0.811
Na 408 433 443

K 35.27 36.07 38.27
Ca 40.21 38.50 42.11
Mg 0.035 0.026 0.032
Cl 526 539 564

F 0.0112 0.0096 0.0104
CG, 34.49 2491 23.18
H,S 1.12 0.96 1.03
SO 0.17 0.22 0.17
H, 0.050 0.114 0.119
CH, 0.0056 0.0031 0.0031
Trace elements, umol/Rg

Fe 430 154 2431
Al 101 15 50

Cu 261 208 207
Ag 321 250 960
Au 31 6 7

Zn 393 79 189
Pb 1.3 0.6 1.4

@Based on data given in Table 10
®Hardardéttir er at. (2009)

33



Figure 10. The mineral saturation state at aquidenditions and upon adiabatic boiling
and conductive cooling for phases of importanceHe®, SQ and CQ transport. The
solid lines show the boiling trends and the dashmees the cooling trends. Calculations
based on samples from wells RN-12, RN-19 and R&hk@Lising the lInl.dat database.
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To better constrain the effects of mass movemestiphur and carbon upon cooling
and boiling a series of model calculations weredecated using both the WATCH and
PHREEQC programs and the lInl.dat database witHaiher program. The initial aquifer
fluids were assumed to be saturated with givenhsdés including pyrite, sphalerite,
galena, covellite and acanthite, as well as caéuid anhydrite. Upon supersaturation, the
excess minerals were allowed to precipitate simebasly and the resulting solution
composition calculated. The elemental ratios betwéhe boiled and cooled waters
without precipitation on one hand and with masscipigation on the other were then
calculated. The difference is taken to indicatessnbbss of HS, SQ and CQ from
solution upon boiling and cooling. The results al®wn in Figure 11. As shown,
sulphide seems to be quantitatively removed frolmtem upon boiling and to less degree
upon fluid cooling mostly into pyrite but also spdréte, galena and covellite. Sulphate, on
the other hand seems to be unaffected by coolingreds small fraction (<20%) may be
lost upon boiling. For Cg) the results are similar to those of 556uggesting that most
CO, and Ca by mass are transported from the aquftret surface, this being consistent
with similar surface and down-hole concentratiorisCa (Hardardottir et al., 2009).
However, upon continuous boiling, calcite may builg in the altered rocks above
background (rock) concentrations as observed (Ei§ur

5.3 Carbon and sulphur mass of precipitation

Based on measured concentrations of total carbmta] sulphur, sulphide and
sulphate in drill cuttings samples, the mass of emahzation of each species was
calculated. These masses were estimated sepafatetree vertical sections in the
system, i.e. depth ranges, considering that theeafimineralization may be a function of
the depth at which the transporting fluids are emtered. The vertical sections considered
are: from the surface to 1100 m (section 1, reghedethe zone of extensive boiling), from
1100 to 2000 m (section 2) and from 2000 to 300@awtion 3).

Considering carbon content in fresh basalt of 0% and sulphur content of 0.08
wt% (Gunnlaugsson, 1977; Flower et al., 1982) aunbtracting these amounts from
measured concentrations, the average elementathement in altered rocks were
calculated as follows, carbon: ~0.353 wt% in thearpl100 m and no enrichment in the
deeper parts; sulphur: ~0.305, 0.197 and 0.099 wt%ection 1, section 2 and section 3
respectively. In addition, a minimum enrichmentsafphide and sulphate was calculated
assuming that background sulphur of 0.08 wt% waddount for only sulphide or only
sulphate. Accordingly, sulphide enrichment is cltad to be: ~0.119, 0.105 and 0.033
wt% in sections 1, 2 and 3, respectively; and tdplsate: 0.106% in the upper 1100 m and
no enrichment in the deeper parts.

Palmason et al. (1985) estimated the extent oRthgkjanes geothermal system to be
about 2 kri. Assuming an average density of basaltic hosts@ék2700 kg/m and taking
carbon and sulphur concentrations in wells RN-1dRN-17 to be representative, the total
mass of mineralization in the geothermal systern3deep, was calculated. The mass of
carbon precipitated in the upper 1100 m as a restiltgeothermal alteration is
approximately 21.1 Mt, sulphur mineralization aattsufor 33.1 Mt, sulphide for 14.0 and
sulphate for 6.3 Mt. It is worth noting that thesuét of adding up together the mass of
mineralization of sulphide and sulphate does notespond to mass of mineralization of
total sulphur since, as mentioned above, calculatedbers for sulphide and sulphate are
based on minimum enrichment, i.e. background sulph®.08 wt% was subtracted from
measured concentrations in altered rocks for boliphsir species.Weise et al., reported 14
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Mt of carbon (corresponding to 56 Mt of @Qixed in rocks at Reykjanes considering a
higher value, 0.02 wt%, for background carbon camg#o this study.

The Reykjanes geothermal system has been estitmabedactive in the last 18000
to 20000 years based on observations on recentiargpn the area (Franzson et al., 2002;
Hardardottir et al., 2009; Pope et al., 2009). mgk20000 years as the life time of the
system the average elemental mass of mineralizarencalculated as follows, total
sulphur: 1653 tonnelyr, sulphide: 700 tonnelyiplsate: 315 tonne/yr and carbon: 1054
over the life time of the system.

Figure 11. The effects of adiabatic boiling (solides) and conductive cooling (dotted
lines) on (a) HS, (b) S@Qand (c) CQ loss from solution assuming aquifer fluids iniial
saturated with selected minerals, those includeigure 10.
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6 Gas-water-rock interaction and
source of carbon and sulphur in the
Reykjanes geothermal system -
reaction path modelling

From the results on carbon and sulphur concentraiio well cuttings it is apparent
that these elements build up in the system abotkgbaund basalt concentrations. One
possible source of the elements is magma dega€$kh@nd SQ among other gases into
the geothermal fluids. Fluid-rock interaction mago contribute. To get insight into this
gas-water-rock interaction, reaction path modellzajculations using the PHREEQC
program and the linl.dat database were conducléw initial reactants include seawater,
basalt and volcanic gases (Tables 5-7) and secpndarerals potentially formed are
shown in Table 8. The main variables considerethéncalculations were magmatic gas
supply and extent of reaction. These variables bwynterrelated and affect each other
e.g. higher gas supply (acid) requires more prinmainerals (base) to react with to reach a
given conditions. It should be clear that changethe variables mentioned above lead to
variations in other parameters potentially playangignificant role in the chemistry of the
system, including the carbon, sulphide and sulpbgteeous concentrations, transport and
mineralization. These parameters include pH, oldattate and mobility of cations.

The results of the model calculations are shownFigures 12-15. Secondary
minerals formed are dependent on the extent ofticgaas well as magmatic gas supply
(Figure 12). Calcite formation is not observed @0°€ and 0.1 to 5 wit% of magmatic
water per 1 kg of seawater, this is consistertt wélcite being undersaturated with respect
to the fluids. If this is the case is somewhateutain as the results are very dependent on
agueous speciation and particularly pH. Carbonateemralization may be suppressed by
mass at aquifer conditions as?GaF€*, Mg>* may be predominantly taken up by other
secondary minerals including epidote, prehnite, ahbbrite. The availability of these
cations seems to be controlled by mineral equdiland being relatively insensitive to acid
supply (Figure 13). Increased gas supply doeseawtltrin calcite precipitation at aquifer
temperature. Anhydrite is observed to form at leaation progress, but disappears as the
fluid-rock reaction proceeds. In addition, hemaigereplaced by magnetite at certain
extent of reaction. This occurs as the fluid becomere reduced as reaction proceeds due
to supply of F& from the basalts to the waters. Pyrite and chaid@pprecipitate over the
whole extent of reaction; sphalerite appears atacemwater-rock ratio. Increased gas
supply results in slightly increased rate of sulighand sulphate mineralization.

Increased gas supply results in initially decregsddf the solution, nevertheless, at
certain extent of reaction (water-rock ratio) tié geems to reach a balance between basalt
dissolution, precipitation of secondary mineralsl aveak acid ionisation (Figure 14). It
can be seen from the figure that for gas suppl§.bfto 1 wt% the pH is about constant in
a wide range of water-rock ratio (from ~90 to ~Zjt&ms of basalt reacted with 1 kg of
seawater) corresponding to a steady state in gtereywhere specific mineral assemblages
are stable. Higher gas supply requires more massckfreacted to attain this state, yet, the
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trends of the curves representing different amoohtgas added to the system are very
similar.

Figure 12. The effect of magmatic gas supply oorsgary mineral formation at 300°C.
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Figure 13. The effect of magmatic gas supply onC@), (b) F€* and (c) Mg" activity

during fluid-rock interaction at 300°C.
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Dissolved HS and S@ are initially increased by gas supply but uponctiea
progress they become buffered by mineral buffectieas values corresponding to closely
to present-day aquifer compositions (Figure 15)bAsalt dissolution proceeds, the system
moves toward more reduced conditions. These sesBulinhydrite dissolution and supply
of SQ, that is instantaneously reduced tgSHsuggesting that the distribution of sulphur
species and oxidation state may be influenced eye#tent of reaction. On the other hand,
the aquifer C@concentrations were calculated to depend on magmyas supply. This is
considered to be caused by limitation of the abdity of cations including C&, Mg**
and Fé" that were predominantly mineralized into minerasluding epidote, chlorite,
anhydrite, pyrite and iron oxides, in addition e effects of high temperature and low pH
at aquifer conditions resulting in calcite undeusation. If this is truly the case, it raises
the question if indeed CQaquifer concentrations are truly controlled anéfdred (Figure
6) or dominated by the supply of magma gases tgdaghermal convection cell. At high
extent of reaction, C£&roncentration was observed to slightly decreasgicpkarly at 5%
of gas to seawater ratio. This is due to reduatiocarbonate and formation of methane as
the system becomes more reduced with reaction ggegi his is not likely to occur in the
natural system but a modelling limitation since sivaulation considers only an initial gas
input and not constant supply, i.e. open systerocasrs in nature.

The results of the gas-water-rock reaction modglnggest that the aquifer fluids
are produced upon mixing between very small amoftintagmatic gas containing among
others CQ and SQ followed by interaction with the host rocks. Tdseact proportions are
somewhat unclear, but are probably in the rangel@ by mass magmatic gas consistent
with previous work (Arnorsson, 1995). Howevergmuncertainties are associated with
these calculations related to aqueous speciatidmmaneral stabilities and the results needs
to be viewed with care. Nevertheless, the poimatds the conclusion that the fluid
composition including pH, 6, SQ is somewhat insensitive to small variations in mag
gas supply whereas G©@oncentration is more influenced by the inflonnzdigmatic gas to
the system. This somewhat contradicts to the res @O, being controlled by a mineral-
buffer reaction, however, the absence of calcitdeuraquifer conditions is in line with
calcite observed to be slightly undersaturateduféc).

Figure 14. The effect of magmatic gas supply on @flay rectangle represents
approximately present-day aquifer values.
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Figure 15. The effect of magmatic gas supply on Hap, (b) S@ and (c) CQ

concentrations of the resulting solution duringidinock interaction at 300°C
rectangles represent present-day aquifer values.
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7 Summary and conclusions

Carbon and sulphur are among the major componenteothermal fluids. The
transport and precipitation of sulphur and carborhe Reykjanes geothermal system is
influenced by the geochemistry of associated métadsvn to complex to b8, SQ and
CO, and the formation of sulphide, sulphate and cat®minerals. The most important
metals are Fe, Cu, Zn, Pb and possibly also AgAanébr sulphide transport and Ca for
sulphate and carbonate transport. Recent fluidyaisabn samples collected downhole at
Reykjanes revealed that some of these metals mag/ heen lost upon fluid ascent to the
surface most likely due to precipitation (Hardatiéet al., 2009). In addition, scales
enriched in metals, are commonly observed in pigsliat Reykjanes (Hardardottir et al.,
2010). In order to get insight into the sourcensgmort and precipitation of sulphur and
carbon in the Reykjanes geothermal system and #seceted metal transport and
precipitation, the effects of various processesuttiog boiling and phase separation and
cooling in addition to gas-water-rock interactiamdanagmatic input were assessed using
data on fluid discharge, deep liquid compositiord anass of sulphur and carbon
precipitation as well as various types of geochahmuwodelling.

The measured aquifer temperatures at Reykjane® rfaogp 275 to 310°C and the
estimated pH from ~4.5 to ~5.0, however, actuavphlies in the aquifer may be up to 0.5
pH units higher. Aquifer fluids at Reykjanes sedmbe the formed by mixing of seawater
with very small amount of magmatic gas followedibtgraction with basaltic host rocks,
resulting in geothermal water enriched in §iR, Ca and depleted in S@nd Mg but with
Cl concentration close to that of seawater.

Relatively close approach to equilibrium was olgdirfor most of the minerals
including low-albite, microcline, clinochlore, cbaoisite, epidote, prehnite, pyrite,
wairakite, grossular. Anhydrite was observed tclygersaturated and calcite, wollastonite,
magnetite and pyrrhotite undersaturated. A readengbod agreement is observed
between the aquifer concentrations of &@Ad the mineral assemblage clinozoisite-calcite-
quartz-prehnite, and the,Hand HS concentrations are close to equilibrium with the
buffers pyrite-prehnite-magnetite-quartz-clinozi@sanhydrite and pyrite-wollastonite-
magnetite-anhydrite-quartz, particularly when ageraeported mol fractions for prehnite
of 0.82 and 0.24 for clinozoisite are taken intcamt (Lonker et al., 1993; Freedman et
al., 2009; Marks et al., 2010). Some of thgddncentrations plot above the equilibrium
curves for both mineral buffers, possibly due txé& aquifer steam fraction. Equilibrium
steam fraction was calculated to range from 0.0970.04 by mass assuming pyrite-
prehnite-magnetite-quartz-clinozoisite-anhydritectmtrol H and HS concentrations in
the aquifer fluids. However, considering the uraieties associated with the calculated
equilibrium curves for the mineral buffer reactioasd secondary mineral activities, it
cannot be concluded if indeed a small steam fractigists in the Reykjanes system.
Important systematic differences exist in the matesaturation states calculated using two
databases related to the agueous species considered

Based on reaction path modellinggSHand S@aquifer concentrations, in addition to
pH, are buffered by fluid-rock interaction wher&a®, concentration was observed to be
more sensitive to the supply of magmatic gas tosystem. This is considered to be
caused by limited availability of cations includir@a#®, Mg®* and Fé&" that were
predominantly mineralized into epidote, chloritehgdrite, pyrite and iron oxides and
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resulting in calcite undersaturation. If this islyrthe case, it raises the question if indeed
CO, aquifer concentrations are controlled by minetdfdys or dominated by the supply of
magma gases to the geothermal convection cell.

Both carbon and sulphur enrichment were measurétkeialtered rocks compared to
concentrations in unaltered basalt. Carbon comtetatbly increases as depth decreses from
~0.01 to ~2.0 wt% in the depth range of 1000 t0 &0in well RN-10 and from ~0.01 to
~1 wt% from 1100 to 200 m in RN-17. Below 1100 rarthon content does not follow a
markable trend with respect to depth and valuegeadrom <0.5 ppm to a maximun of
~0.03 wt% in both wells. These results, are coeststwith previous observations on
vertical distribution patterns of carbon and witlaloite being more abundant in
approximatelly the same depth range in both wallsdelling calculations revealed that
aquifer fluids are probably calcite undersaturad@d precipitation was not observed at
300°C and 0.1 to 5 wt% of magmatic water per 1 kgeawater. Upon boiling and phase
separation the fluids become increasingly less itealandersaturated and even
supersaturated if uncertainties related to pH daficuin are considered. Cooling, on the
other hand, makes calcite increasingly more untienast@d. These findings suggest that at
aquifer conditions carbon mineralization is prolyatdt taking place. Upon boiling, calcite
precipitates and builds up in the altered rocksvabimackground carbon above 1100 m
depth, corresponding approximately to depth ofibgil

Sulphide concentrations range from <0.01 to ~1 % wt wells RN-10 and RN-17.
Unlike for carbon, no markable trend as a functandepth is observed for sulphide
concentrations and focussed deposition of sulphgdgrobably not occurring. The
reconstruction of aquifer fluid composition based surface fluids analyses for major
components and measured metals concentrationgmldgid and geochemical modelling
calculations indicate that most sulphides includoyite, sphalerite, covellite, acanthite
and gold are supersaturated under aquifer conditwinereas galena is undersaturated.
Upon boiling and cooling the sulphides become iasirgly more supersaturated and
saturated for the case of galena. This suggedtstifghide minerals have the potential to
form both at aquifer conditions and upon fluid ¢og! In addition, sulphide seems to be
quantitatively removed from solution upon boilingdato less degree upon fluid cooling
mostly into pyrite but also sphalerite, galena amellite when these minerals are
assumed to be initially saturated and allowed tcipitate. These findings support to a
certain extent the observation of sulphide preaffwh being relatively homogeneous
throughout wells RN-10 and RN-17 and pyrite anceo8ulphides present at all depths in
the system. However, either the metals precipgatirainly as sulphides are quantitatively
removed from solution during ascent to the surfafageothermal fluids is not known.

Measured sulphate concentrations range from ~@.028 wt% in wells RN-10 and
RN-17. The highest values were observed in theeaid 00 to 400 m depth in both wells
and no markable trend as a function of depth b&lo@/m. Anhydrite was calculated to be
slightly supersaturated with respect to the aqulteds and upon both conductive cooling
and adiabatic boiling the fluids become unders&tdraFurthermore, sulphate seems to be
unaffected by cooling whereas only <20% may be fimgh solution upon boiling. These
observations somewhat contradicts homogeneousaelgloncentrations measured in the
well cuttings as a function of depth, higher tharfresh basalt with preferential enrichment
in the uppermost 400 m and anhydrite observedaretamounts at all depths but rarely in
the deepest part of the system. The findings suglassulphate mineralisation occurs not
only as an effect of boiling and cooling of asceigdgeothermal waters but mainly as a
result of mixing of rising steam with colder seagrah the shallowest part of the system.
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Total sulphur vertical distribution pattern in tReykjanes geothermal system differs
to sulphur distribution in other geothermal systemslceland associated with dilute
geothermal fluids where preferential precipitatismbserved in the boiling zones as is the
case for carbon in the Reykjanes system. The dessduses for this observations are
either significant sulphides precipitation occugriat all depths due to actual metals
concentrations in the aquifer much higher than nomeas at the surface or enhanced
sulphur precipitation both as sulphides and sugghdtie to additional sulphur supply from
seawater intruding at all depths, or both.

Based on measured elemental content carbon ennthmaltered rocks of ~0.353
wt% in the upper 1100 m and no enrichment in thepde parts was calculated. The
minimum enrichment of sulphides was calculatedeo~b.119, 0.105 and 0.033 wt% in
the vertical sections from the surface to 1100 oili(lg zone), from 1100 to 2000 m and
from 2000 to 3000 m, respectively. Sulphur enriching ~0.305, 0.197 and 0.099 wt% in
the same vertical sections and minimum sulphatetement is ~0.106% in the upper 1100
m and no enrichment in the deeper parts. Basedyeraad extension constrains for the
geothermal system, the average rates of mineralizatere estimated as follows, total
sulphur: 1653 tonnelyr, sulphide: 700 tonnelyiplsate: 315 tonne/yr and carbon: 1054
tonne/yr over the life time of the system takeibéa20000 years.
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Appendix A

Aqueous speciation using the lInl.dat database #ctyity).

t°C  pH N& H,SiO, Al(OH), K* ca’ SO* H* HCO; COy(aq) H(aq) HS(aq) Mg* Fe&' Fe(OH)y  CHyaq)

310 474 093 -1.96 -6.89 -1.94 323  -6.29 -4.74-4.98 -1.20 -4.15 -2.61 -6.42 -6.78 -23.24 -4.70
310 471 094 -1.92 -7.06 -1.97 -3.23  -6.23 -4.71-5.08 -1.27 -4.33 -2.58 -6.46 -6.94 -23.45 -5.16
310 4.88 -094 -191 -7.01 -1.95  -3.23  -6.26 -4.88-4.95 -1.31 -4.10 -2.67 -6.42 -7.02 -23.05 -4.86
310 481 -094 -1.88 -7.37 -1.97 321 -6.21 -4.81-4.97 -1.26 -4.03 -2.59 -6.45 727 -23.49 -4.77
295 486 092 -1.95 -6.73 -1.95 -3.14  -6.16 -4.86-4.90 -1.32 -4.45 -2.81 -6.48 -7.24 -23.32 -4.88
295 491 092 -1.93 -7.17 -1.95  -3.13  -6.07 -4.91-4.88 -1.34 -4.30 -2.88 -6.56 -7.66 -23.58 -5.12
295 492 094 -1.98 -7.22 -1.97  -313  -6.01 -4.92-4.91 -1.38 -4.53 -2.92 -6.62 -7.58 -23.46 -5.30
295 495 093 -1.96 -6.92 -1.96 -3.12  -6.01 -4.95-4.90 -1.41 -4.62 -2.95 -6.56 -7.53 -23.32 -5.36
295 496 -093 -1.96 -6.50 -1.96 -3.14 -598 -4.96-4.88 -1.39 -4.62 -2.91 -6.43 -7.99 -23.75 -5.36
295 498 093 -1.95 -6.64 -1.96  -3.15  -6.01 -4.98-4.90 -1.43 -4.68 -3.14 -6.46 -7.44 -2311 -5.16
285 492 -0.87 -2.00 -6.65 -1.92 -3.02 -501 -4.92-4.85 -1.47 -4.06 -3.00 -6.58 -7.79 -23.64 -5.43
285 497 -0.88 -1.98 -6.68 -1.93  -3.02 -5.88 -4.97-4.95 -1.61 -4.62 -3.05 -6.63 -750 -23.21 -5.72
275 495 -0.84 -1.99 -6.81 -1.90 -294 573 -4.95-4.75 -1.54 -4.11 -3.04 -6.44 794 -23.69 -5.43
275 497 -0.85 -201 -6.62 -1.90 -291  -566 -4.97-4.81 -1.62 -4.48 -3.09 -6.38 -7.30 -22.98 -5.92
285 496 -0.88 -2.00 -6.90 -1.94  -3.05 -584 -4.96-4.79 -1.45 -4.02 -2.95 -6.56 -8.06 -23.81 -5.36
284 486 -0.87 -1.99 -6.50 -1.91 -3.01 -594 -4.86-4.99 -1.56 -4.15 -2.99 -6.44  -7.44 -23.48 -5.51
305 496 092 -1.93 -6.49 -1.94  -320 -6.14 -4.96-5.01 -1.45 -3.78 -2.72 -6.36 -7.02 -22.82 -5.09
305 493 095 -1.93 -7.13 -1.98  -3.24  -5.80 -4.93-4.98 -1.39 -4.36 -2.74 -6.61 -7.37 -23.21 -5.51
285 460 -0.90 -1.99 -7.15 -1.95 -3.01 -6.04 -4.60-4.99 -1.29 -4.33 -2.78 -6.43 -7.36 -24.14 -5.25
276 448 089 -201 -6.91 -1.95 293  -5.80 -4.48-4.90 -1.20 -4.15 -2.83 -6.21 -7.37 -24.44 -5.03




Aqueous speciation using the wateqf.dat databageativity).

t°C pH Nd HSIO, AlOH), K cag® sof H HCO;, COfaq) H(aq) HS(ag) Md™ Fe' Fe(OH)y  CH(aq)

310 474 -0.78 -1.90 -6.13 -1.89 -2.89 577  -4.744.91 -1.21 -4.17 -2.55 -5.66  -5.61 -10.81 -4.64
310 471 -0.79 -1.86 -6.30 -1.92 -289 571  -4715.01 -1.29 -4.35 -2.52 570  -5.81 -11.08 -5.11
310 4.88 -0.78 -1.85 -6.30 -1.90 -2.88 -5.74  -4.884.87 -1.33 -4.12 -2.61 -5.66  -5.86 -10.65 -4.81
310 4.81 -0.79 -1.82 -6.64 -1.92 -2.88 -5.68  -4.814.89 -1.28 -4.04 -2.54 570  -6.19 -11.16 -4.72
295 486 -0.76 -1.89 -6.02 -1.89 -2.82 -5.64  -4.864.84 -1.34 -4.46 -2.75 575  -6.10 -11.04 -4.82
295 491 -0.77 -1.87 -6.48 -190 -2.81 -555  -4.914.81 -1.36 -4.32 -2.82 -5.82  -6.54 -11.31 -5.07
295 492 -079 -1.93 -6.55 -1.92 -2.83 -548  -4.924.84 -1.40 -4.55 -2.87 590  -6.59 -11.32 -5.25
295 495 -078 -1.91 -6.25 -1.90 -2.81 -548  -4.954.83 -1.42 -4.64 -2.89 -5.83  -6.48 -11.12 -5.30
295 496 -0.78 -1.90 -5.83 -1.90 -2.82 -546  -4.964.81 -1.41 -4.64 -2.85 -5.68  -6.89 -11.51 -5.30
295 498 -0.77 -1.89 -5.98 -1.90 -2.82 -549  -4.9%4.83 -1.45 -4.70 -3.09 571  -6.30 -10.83 -5.10
285 492 -072 -1.94 -6.00 -1.86 -2.73 -5.41  -4.924.80 -1.49 -4.08 -2.94 -5.88  -6.70 -11.64 -5.37
285 497 -073 -1.92 -6.05 -1.87 -2.74 -5.38  -4.974.89 -1.63 -4.64 -2.98 -5.93  -6.44 -11.25 -5.66
275 495 -0.70 -1.93 -6.21 -1.85 -2.70 -5.27  -4.9%4.71 -1.56 -4.13 -2.98 581  -7.01 -12.09 -5.37
275 497 -071 -1.95 -6.03 -1.85 -2.67 -5.19  -4.974.77 -1.64 -4.50 -3.03 573  -6.32 -11.33 -5.86
285 496 -0.74 -1.95 -6.27 -1.88 -2.78 -5.34  -4.964.74 -1.46 -4.04 -2.89 -5.87  -7.09 -11.93 -5.30
284 486 -0.72 -1.92 -5.84 -1.85 -2.72 -5.44  -4.864.93 -1.57 -4.16 -2.93 -5.74  -6.36 -1151 -5.45
305 4.96 -0.76 -1.87 -5.78 -1.88 -2.85 -5.61  -4.964.93 -1.47 -3.80 -2.66 -5.60 -5.82 -10.36 -5.03
305 493 -0.79 -1.88 -6.43 -1.92  -289 529  -4.934.90 -1.40 -4.38 -2.69 -5.82  -6.23 -10.82 -5.45
285 460 -0.76 -1.93 -6.41 -1.90 -2.75 -553  -4.604.94 -1.31 -4.35 -2.73 -5.76  -6.43 -12.29 -5.20
276 4.48 -0.76 -1.96 -6.15 -1.89 -271 -5.32  -4.484.85 -1.22 -4.17 -2.78 559  -6.56 -12.94 -4.98




Appendix B

The reaction quotients for selected minerals usigglinl.dat database.

t/°C pH I-alb mic qtz anh cc chl czo epi wol pre py wali mt gro pyrr
310 4.74 -13.69 -14.70 -1.96 -9.53 -3.48 -13.88 .288 -44.62 4.28 -16.65 1.63 -24.84 -53.25 -10.42 080.
310 471 -13.75 -14.77 -1.92 -9.46 -3.60 -14.48 .688 -45.08 4.27 -16.91 1.66 -25.01 -53.84 -10.72 .100
310 4.88 -13.66 -14.68 -1.91 -9.49 -3.30 -12.78 .328 -44.36 4.63 -16.42 1.50 -24.86 -53.12 -9.89 80.0
310 4.81 -13.94 -14.97 -1.88 -9.42 -3.36 -14.10 .329 -4547 4.54 -17.17 1.20 -25.46 -54.25 -10.75 .230
295 4.86 -13.48 -14.52 -1.95 -9.30 -3.19 -12.84 427 -44.04 4.63 -15.86 1.30 -24.39 -53.87 -9.29  340.
295 491 -13.88 -14.91 -1.93 -9.20 -3.10 -13.67 .628 -45.06 4.75 -16.57 0.70 -25.19 -54.82 -9.89 720.
295 4.92 -14.10 -15.13 -1.98 -9.14 -3.12 -14.15 928 -45.19 4.72 -16.81 0.93 -25.49 -54.50 -10.11 .670
295 4.95 -13.73 -14.76 -1.96 -9.14 -3.07 -12.92 927 -44.33 4.82 -16.06 1.09 -24.80 -54.17 -9.28  580.
295 4.96 -13.30 -14.33 -1.96 -9.13 -3.06 -11.31  .626 -43.94 4.82 -15.23 0.73 -23.97 -55.48 -8.45  980.
295 4.98 -13.42 -14.45 -1.95 -9.16 -3.06 -11.59 .027 -43.56 4.87 -15.46 0.92 -24.23 -53.67 -8.65  620.
285 4.92 -13.52 -14.56 -2.00 -8.93 -2.95 -12.80 .0@7 -44.05 4.83 -15.49 0.12 -24.31 -55.07 -8.66  950.
285 4.97 -13.51 -14.56 -1.98 -8.90 -3.00 -12.73 .027 -43.60 4.93 -15.42 0.97 -24.31 -53.92 -8.51  6%0.
275 4.95 -13.61 -14.67 -1.99 -8.67 -2.74 -12.22 327 -44.19 4.97 -15.56 0.00 -24.50 -55.32 -8.60 081.
275 4.97 -13.50 -14.55 -2.01 -8.57 -2.75 -11.42 726 -43.10 5.02 -15.15 0.94 -24.19 -53.26 -8.12  450.
285 4.96 -13.78 -14.84 -2.00 -8.89 -2.89 -12.93 827 -44.76 4.86 -15.99 -0.03 -24.85 -55.69 -9.13 161
284 4.86 -13.33 -14.37 -1.99 -8.95 -3.14 -12.29 .626 -43.60 4.72 -15.26 0.43 -23.95 -54.40 -8.55  720.
305 4.96 -13.20 -14.22 -1.93 -9.34 -3.24 -10.86 .66 -43.02 4.80 -15.23 1.24 -23.90 -52.66 -850 80.1
305 4.93 -13.88 -14.90 -1.93 -9.04 -3.28 -13.67 728 -44.80 4.69 -16.67 1.37 -25.22 -53.78 -10.04 .250
285 4.60 -14.01 -15.07 -1.99 -9.05 -3.40 -1559 .828 -45.82 4.20 -17.08 0.60 -25.26 -55.64 -10.89 .940
276 4.48 -13.84 -14.89 -2.01 -8.73 -3.35 -15.08 .128 -45.68 4.01 -16.75 0.08 -24.80 -56.26 -10.73 .251




The reaction quotients for selected minerals usigwateq4f.dat database

t/°C pH I-alb mic gtz anh cc chl czo epi wol pre py wai mt gro pyrr
310 4.74 -12.60 -13.71 -1.90 -8.66 -3.06 -8.40 135. -29.81 4.68 -14.26 2.94 -22.74 -27.23 -7.68 1.32
310 471 -12.66 -13.79 -1.86 -8.61 -3.19 -9.01 585. -30.32 4.67 -14.54 291 -22.93 -27.96 -8.01 1.09
310 4.88 -12.62 -13.74 -1.85 -8.62 -2.88 -7.40 325. -29.67 5.03 -14.14 2.79 -22.86 -27.17 -7.25 1.29
310 4.81 -12.89 -14.02 -1.82 -8.57 -2.96 -8.75 326. -30.86 4.92 -14.88 241 -23.45 -28.51 -8.14 0.91
295 4.86 -12.45 -13.58 -1.89 -8.46 -2.79 -71.57 524, -29.53 5.01 -13.63 2.58 -22.42 -28.18 -6.73 0.86
295 491 -12.86 -14.00 -1.87 -8.36 -2.71 -8.42 725. -30.60 5.14 -14.38 1.96 -23.26 -29.16 -7.37 0.46
295 4.92 -13.12 -14.25 -1.93 -8.31 -2.75 -9.02 126. -30.95 5.08 -14.71 2.06 -23.64 -29.23 -7.70 0.38
295 4.95 -12.74 -13.87 -1.91 -8.29 -2.69 -7.75 £25. -30.00 5.19 -13.93 2.28 -22.93 -28.73 -6.84 0.53
295 4.96 -12.31 -13.43 -1.90 -8.28 -2.66 -6.08 883. -29.55 5.21 -13.08 1.97 -22.08 -29.90 -5.97 0.18
295 4.98 -12.42 -13.55 -1.89 -8.31 -2.66 -6.33 2@4. -29.11 5.26 -13.30 2.19 -22.34 -27.96 -6.15 0.58
285 4.92 -12.54 -13.67 -1.94 -8.14 -2.60 -7.82 334. -29.99 5.18 -13.43 1.35 -22.48 -29.98 -6.31 0.21
285 4.97 -12.55 -13.69 -1.92 -8.11 -2.66 -7.80 434. -29.62 5.27 -13.41 2.16 -22.53 -28.94 -6.22 0.51
275 4.95 -12.70 -13.85 -1.93 -7.97 -2.46 -7.66 884. -30.76 5.26 -13.72 1.06 -22.84 -31.20 -6.53 90.0
275 4.97 -12.59 -13.73 -1.95 -7.85 -2.46 -6.79 324. -29.60 5.32 -13.31 2.06 -22.53 -28.98 -6.03 0.59
285 4.96 -12.84 -13.98 -1.95 -8.12 -2.56 -8.05 225. -30.90 5.19 -14.02 1.09 -23.09 -30.94 -6.88 60.0
284 4.86 -12.33 -13.46 -1.92 -8.17 -2.80 -7.32 883. -29.55 5.06 -13.19 1.66 -22.10 -29.38 -6.20 0.43
305 4.96 -12.15 -13.27 -1.87 -8.46 -2.82 -5.44 683. -28.26 5.21 -12.94 2.59 -21.89 -26.54 -5.86 1.45
305 4.93 -12.86 -13.99 -1.88 -8.18 -2.86 -8.14 785. -30.17 5.10 -14.42 2.63 -23.27 -27.88 -7.44 0.94
285 4.60 -12.97 -14.11 -1.93 -8.29 -3.09 -10.61 .925 -31.81 451 -14.92 1.67 -23.31 -31.00 -8.47 50.0
276 4.48 -12.81 -13.94 -1.96 -8.03 -3.09 -10.32 .25 -32.08 4.28 -14.66 1.01 -22.87 -32.44 -8.42  380.







Appendix C

Sulphides, sulphates, total sulphur and total cadmmtent in drill cuttings from well RN-
10. Concentrations are in wt% and depth in m.

Depth Sulphides Sulphates Total S Total C
100 0.020 1.760 1.780 0.041
150 0.919 0.230 1.149 0.541
202 0.646 0.047 0.693 0.773
252 0.559 0.032 0.592 0.040
300 0.806 0.104 0.909 0.978
350 0.000 0.714 0.713 0.428
400 0.042 0.593 0.635 0.759
452 0.093 0.160 0.254 2.138
500 0.091 0.204 0.295 1.086
550 0.279 0.343 0.622 1.448
600 0.000 0.186 0.181 0.583
652 0.006 0.055 0.061 0.148
701 0.088 0.062 0.150 0.068
750 0.000 0.073 0.077 0.217
800 0.008 0.029 0.036 0.036
850 0.000 0.061 0.060 0.084
900 0.062 0.112 0.174 0.036
950 0.099 0.049 0.149 0.012
1002 0.032 0.041 0.074 0.011
1050 0.050 0.205 0.255 0.017
1100 0.169 0.053 0.222 0.000
1150 0.083 0.071 0.154 0.006
1200 0.021 0.053 0.075 0.000
1250 0.256 0.203 0.459 0.000
1302 0.062 0.048 0.110 0.003
1352 0.372 0.110 0.482 0.000
1400 0.056 0.082 0.138 0.005
1452 0.042 0.067 0.109 0.018
1500 1.027 0.225 1.251 0.027
1550 0.055 0.107 0.162 0.036
1600 0.064 0.056 0.120 0.016
1650 0.124 0.073 0.197 0.018
1700 0.075 0.057 0.132 0.012
1750 0.313 0.100 0.413 0.011
1800 0.029 0.043 0.072 0.011
1850 0.030 0.045 0.075 0.024
1900 0.314 0.120 0.435 0.016
1952 0.298 0.183 0.481 0.021
2004 0.037 0.162 0.199 0.034
2051 0.037 0.103 0.140 0.034
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Sulphides, sulphates, total sulphur and total cadmmtent in drill cuttings from well RN-
17. Concentrations are in wt% and depth in m.

Depth Sulphides Sulphates Total S Total C
100 0.184 0.152 0.335 0.428
150 1.164 0.250 1.413 0.874
200 0.196 0.167 0.363 1.082
250 0.260 0.107 0.367 0.488
300 0.125 0.247 0.372 0.761
350 0.025 0.090 0.115 0.287
400 0.019 0.344 0.362 0.408
500 0.061 0.095 0.156 0.178
550 0.915 0.177 1.092 0.043
650 0.516 0.216 0.732 0.204
700 0.000 0.027 0.028 0.048
750 0.026 0.053 0.079 0.060
800 0.009 0.085 0.094 0.034
850 0.067 0.032 0.100 0.048
950 0.118 0.086 0.205 0.038
1000 0.027 0.048 0.075 0.094
1050 0.011 0.049 0.060 0.026
1100 0.053 0.093 0.147 0.010
1150 0.000 0.140 0.144 0.003
1200 0.123 0.089 0.212 0.005
1300 0.031 0.115 0.146 0.001
1350 0.773 0.076 0.849 0.011
1400 0.039 0.068 0.106 0.001
1450 0.028 0.138 0.166 0.018
1550 0.040 0.026 0.065 0.005
1600 0.030 0.022 0.052 0.011
1700 0.065 0.031 0.095 0. 016
1800 0.652 0.095 0.747 0.000
1900 0.413 0.146 0.559 0.007
2000 0.087 0.045 0.132 0.000
2100 0.041 0.041 0.083 0.000
2200 0.109 0.038 0.147 0.000
2300 0.043 0.065 0.108 0.000
2400 0.103 0.064 0.166 0.000
2550 0.286 0.101 0.387 0.000
2650 0.238 0.097 0.335 0.000
2800 0.049 0.035 0.084 0.000
2900 0.123 0.097 0.219 0.000
2950 0.087 0.047 0.135 0.000
3050 0.052 0.074 0.126 0.000
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