USE OF A NEW SODIUM/LITHIUM (NA/LI) GEOTHERMOMETRIC
RELATIONSHIP FOR HIGH-TEMPERATURE (HT) GEOTHERMAL

FLUIDS DERIVED FROM SEAWATER/BASALT INTERACTION PRO CESSES:
APPLICATION TO THE DJIBOUTI CASE

Bernard Sanjuan
Department of Geothermal Energy - BRGM - 3, Avu@&aGuillemin. BP6009 - 45060 Orleans Cedex 02néea

E-mail: b.sanjuan@brgm.fr

ABSTRACT

This study has allowed improving the Na/Li geothemmetric relationship for High-Temperature (HT) @asi
derived from seawater and basalt interaction psEeexisting in emerged Rifts such as those ofoDfib(Asal-
Ghoubbet and Obock geothermal areas) and of Ic€Regkjanes, Svartsengi and Seltjarnarnes geothdietds),
or in numerous Oceanic Ridges and Rises (Middles#it Ridge, East Pacific Rise, etc.). The bespahNa/Li
relationship for this type of fluids seems to be:

T (°K) = 920/ [log (Na/Li) - 1.105] {r= 0.994)
where Na and Li are the aqueous concentrationsesktelements given in mol/l.

This relationship which can give estimations of penmature for a value range from 0 to 365°C, withuaoertainty
of + 25°C, is very different from the three maitat®nships known in the literature (Fouillac andchard, 1981;
Kharaka and Mariner, 1989) and from that recerdlynfl for the HT dilute geothermal fluids from lasda(Krafla,
Namafjall, Nesjavellir and Hveragerdi geothermadeaa; Sanjuaet al, 2010) in the framework of the European
HITI project (Hlgh Temperature Instruments for sigoigical geothermal reservoir characterization and
exploitation). The existence of different Na/Li gfeermometric relationships seems to indicate thatNa/Li ratios
not only depend on the temperature but also orr ghemeters such as the fluid salinity and oritlie, nature of
the geothermal reservoir rocks in contact withdeep hot fluids or the equilibrium reactions betw#eese fluids
and the reservoir mineral assemblages. Some cadgéestin the literature and thermodynamic constitara
suggest that the Na/Li ratios for the HT geotherfhatls derived from seawater and basalt interacfioocesses
could be controlled by a full equilibrium reactiowvolving a mineral assemblage constituted, attjezsalbite, K-
feldspar, quartz and clay minerals such as kaseliillite (or muscovite) and Li-micas.

Moreover, this study confirms the presence of gpdemawater-derived geothermal fluid indicating mperature
close to 210°C and salinity of about 35 g/l, whigbuld supply the littoral hot springs located ir tBbock area
(Housseiret al, 1993). It also suggests that the fluid collediesn the thermal spring located near the Ghoubbet
Channel (“Passe du Ghoubbet”; Sanjearal, 1990) results from a mixing between a marineiorfuid which
would interact with basalt rocks at a temperat@iee close to 160°C and cold seawater.

Key words: geothermometer, marine geothermal floasalt, Asal-Ghoubbet, Obock

INTRODUCTION

Since 1965, several chemical and isotopic geotherbers such as dissolved silica, Na/K, Na/K/CaKNaa/Mg,
K/Mg or 5*%0 (H,0-SQ,) are used as geochemical tools in geothermal esgbm to estimate the fluid temperature
in the deep reservoirs (White, 1970; Fournier, 1Mhard, 1979; Giggenbach, 1988; Nicholson, 199&;ra and
Sanjuan, 2004). Unfortunately, these classicallggatometers, based on empirical or semi-empiraat|derived
from known or unknown equilibrium reactions betwaeater and reservoir minerals, do not always givecordant
temperature estimations for the deep geothermial. flifferent surface processes such as a mixinyisffluid with
shallow waters, or the occurrence of mineral piigatipn/dissolution reactions during its risingthe surface and its
cooling, can be responsible of these discordarfemsexample, the Na/K geothermometer can give ctenated
reservoir temperatures for dilute thermal watemnfrvolcanic and granite areas. On the other hamdneous
temperatures can be estimated using Na/K and Na/Ké€ seawater-derived fluids not equilibrated witte
reservoir rocks.

In order to obtain auxiliary geothermometers, salveelationships combining major and trace elememtse
investigated. The most known and efficient geotlmmmtric relationships are those associating Nalatidouillac
and Michard, 1981; Kharaka and Mariner, 1989). TWe empirical and statistical relationships deterai by
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Fouillac and Michard (1981), dependant on the fkatinity, were obtained from numerous data retativ several
world geothermal fields mainly located in volcardod granitic areas. The relationship given by Kkarand
Mariner (1989) was determined for hot saline fluitischarged from sedimentary basins, using marg clatected
from world geothermal and US oil-fields. Given tbev Li reactivity during the ascent of the geothatrfiuid up to
the surface, this auxiliary geothermometer can besidered as a very useful tool to help to selbet hest
estimation of the reservoir temperature, evendfrimning of this geothermometer is still poorlytm.

Unfortunately, this geothermometer seems to be ribkpe not only on temperature but also on otheamaters
such as the fluid salinity or the nature of theeresir rocks. Recent studies carried out in thengaork of the
European HITI project (Hlgh Temperature Instrumeiotssupercritical geothermal reservoir charactgion and
exploitation) show that two new Na/Li relationshipere determined for HT geothermal fluids from &oel
(Sanjuan and Millot, 2009; Sanjua al, 2010). One of these relationships was obtainéagudT dilute fluids
collected from wells located in four Icelandic deerimal fields (Krafla, Namafjall, Nesjavellir andvétargerdi).
The other Na/Li relationship was determined froterture data about HT fluids circulating in seVereeanic
Ridges and Rises (Middle-Atlantic Ridge, East Radtise, etc.) and using HT saline geothermal 8isdmpled in
emerged Rifts such as those of Djibouti (Asal-GHmiband Obock geothermal areas) and Iceland (Reg&ja
geothermal field). All these fluids are derivednfr@eawater and basalt interaction processes.

The main objectives of this study are:

- to improve the Na/Li relationship relative to tHast type of fluids, and investigate the mechanisms
involved in this relationship;

- to confirm or invalidate the temperatures estimdtadthis type of fluids discharged from littorabth
springs located in the Obock and North-Ghoubbedsaté Djibouti (Sanjuaet al, 1990; Housseiet al,
1993).

STUDIED AREAS
Republic of Djibouti

In order to obtain data from geothermal fluids ded from seawater-basalt interaction processesgeathermal
areas of this country located in the horn of Afriadithe Afar triple junction between the Red Sealf of Aden-
Tadjourah and East African Rift systems, were stddi

Asal-Ghoubbet area

The distension system which separates the twogfeden North to South of Tadjourah Gulf (Arabiarde®omalia

plates) belongs to the largest and most complek dgtem of the East part of Africa (Fig. 1). Theparation of

these plates induces a relative decrease of the thickness in the central area of the Gulf ansubmarine

volcanism, which produces a new oceanic crust. Asrsequence, an anomalous heat flow which can toe64

times higher than the mean terrestrial flow occiite spreading area (with active volcanism) is saged and

dislocated by a system constituted of relativelggldransform faults (Fig. 1). More recent studiedigate the

importance of active structures with 130-140°N dli@ns (Chouckrounet al, 1988; Lépine and Hirn, 1992;
Dauteuilet al, 2001).
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Figure 1: Location of the studied areas in the Republi®fbouti and of the littoral thermal springs of Gzhet Channel and
Obock. Black arrows show the direction of spreadirgveen the Somalia and Arabia plates (figureaeted from Dauteuil et
al., 2001)
The Asal-Ghoubbet emerged Rift occurs within thet\@anakils depression, an area still referredsteha Afar
triangle (Fig. 1). In the southern part of this degsion, within the frontiers of the Republic ofitijuti, this Rift
forms a 12 km long axis which separates Asal Lakth¢ Northwest from the Gulf of Ghoubbet-Al Khatabthe
Southeast. The Asal Lake is 155 m below sea leveis9-10 km wide.

The Asal-Ghoubbet Rift seems to be largely undertgi pre-Asal crust not replaced by newly formeeé,amnd to
be still in a pre-oceanic stage. However, it presesmarkable analogies (morphology, volcanisntptec) with the
axial valley of the oceanic ridges (Stieljes, 197&) surface, it is exclusively constituted of vatic rocks with a
Quaternary age lower than 1 My. Its opening is meemd has not more than 1 My (Barbetrial, 1975). Most of
the faults are normal and symmetrical on both sidthe Rift and indicate a general NW-SE directiblowever,
some reverse faults are also present. Out of tled Rift area, the normal faults intersect someviones normal
N350 and N280 direction faults. Open fissures wathwithout vertical offset are largely responsilite the
horizontal extension.

The Asal Rift is markedly asymmetrical with respetits median axis. The most active and recent @iathe Afar
depression is the so-called Inner Rift where thiearm axial chain is observed and the last eruptfdoukoba
volcano) occurred in 1978. It is about 3 km widel @ shifted to the NE part of the main Rift. Thimer Rift is
characterized by intense fracturing and recent fiowes. The axis of crustal divergence of the Réems to migrate
from SW to NE. The rise of hot material beneath Ri& is thus considered to proceed from SW to NE b
successive pulses. The existence of an area dffasisn at low depth, the important seismic atyivihe presence
of fumaroles and hot springs suggest that thioreas a high geothermal potential.

The southern flank of the Asal-Ghoubbet Rift hasrbexplored by six geothermal wells drilled at teptanging
from 1150 m to 2000 m. Beneath the Asal series éormiuring rifting (basalts and hyaloclastites ldem 1 My
old), all the wells encountered basalts with somglithes 1-4 My old attributed to the Afar Strataeries and
basaltic lava flows with some intercalations ofalithes and trachytes 4-9 My old correspondingh Dalha basalt
series. The maximum temperatures were measuredda®10-350°C in the bottom-hole of Asal 4 and 5 thetse
wells were considered as unproductive (Houssein Ardlsson, 2010). These temperatures indicate gtron
geothermal gradients which may be related to tleserce of magma chambers below about 4000 m icettieal
part of the Rift. Geothermal brine (TDS about 12() gith a temperature close to 255-265°C was entayed in
the wells Asal 1, 3 and 6, at depths ranging fr@80Lto 1350 m. This saline geothermal reservdinéated in the
fractured Dahla basalt series.
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Numerous thermal springs (Fig. 2) and fumaroles present in the Asal-Ghoubbet Rift. These surface
manifestations and the fluids collected from thetgermal wells were studied by several teams &faehers since
1973 (Bosctet al, 1977; Fontest al, 1979; Fouillacet al, 1983; Marini, 1987; Sanjuaat al, 1990 ; D’Amoreet

al., 1998). From a chemical and Strontium isotopiagtuSanjuanet al. (1990) conclude that the hot waters
collected from this area result from basalt-seamiateraction, associated with variable evaporatites due to the
aridity of this region. Some thermal waters re$wdtn a mixing between deep geothermal water and/astea or
Asal lake water. Dissolution from evaporitic roéqgpears unimportant.

For this study, only the waters for which the déeemperature was well known were selected. So, dotprto
Sanjuaret al (1990), the brines collected from the geothermals Asal 1, Asal 3 and Asal 6 are in equilibrium
with a mineralogical assemblage at a temperatasedo 255-265°C, temperature which was also medsnto the
wells. For the three wells, the selected water $esnprere collected after the phase separator. Omdy water
sample was directly sampled at the Asal 3 bottote-(BH in table 1).

The results of the chemical analyses of these watdiich were corrected taking into account the eatration
factor due to the phase separation were extraobed $anjuaret al. (1990) and are reported in table 1. The results
obtained using different classical chemical geatimneters such as Na/K, Na/K/Ca, K/Mg or Silica (tglaare
presented in table 2 and are close to the measengokeratures. The chemical composition given bgetauthors
for three water samples collected from Asal Lakig.(B) is also reported in table 1.
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Figure 2:Location map of the geothermal wells studiedhis study and of main thermal springs (Eounda w#difi Eadkorar,
Manda, Korili, Oued Kalou, Ghoubbet Channel) in thsal Rift and the North-Ghoubbet. Three water damp
collected from Asal Lake and a sample of seaw&®)(were also integrated in this study.

During the collection of the water sample from litteral thermal spring located near the Ghoubblea@hel (Figs.

1 and 2), tide was high and this spring was re@/éy seawater. Consequently, the collected watepke (G2) is

a mixing with a high proportion of cold seawateafT 1; Sanjuamt al., 1990). As the Chloride concentration of
this mixing is slightly lower than for seawaterdsable 1), it can be concluded that a small pra@oiof shallow
freshwater, estimated to be close to 1%, is alesgmt. As noticed by Sanjuat al. (1990) and Housseiet al.
(1993), the hot seawater-derived solutions reacotith basalt in submarine hydrothermal springsgéothermal
wells or in laboratory are characterized by a grakepletion in Magnesium and Sulfates, and enrictinie
Calcium, Potassium, Silica and Lithium. In the fig8, the Mg/Cl and S£CI ratios extrapolated to zero, using the
best linear regression coefficients, lead to theesi/Cl value. This result suggests that the otdld sample of
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thermal water would be also constituted of a hat-eember without Mg and SQreacting with basalt (probably
Gulf basaltic series 1 to 3 My old).

The graphical determination of the Na/Cl, Ca/Cl &i@./Cl ratios for the hot end-member can be obtairsdgu
the previously determined Li/Cl value (Fig. 4). Td¢teemical composition of the hot end-member wasensitucted
using the Chloride concentration of seawater (THb.Contrary to the literature observations, theCIKfatio

determined in the G2 thermal water sample is lothen for seawater. In order to discard this anoosl@sult
(probably due to an uptake of K by mineral preeiiiin/adsorption reaction during the rising andlicgpoof the hot
end-member or eventually, to an analytical errocapbse the difference relative to seawater is lomg, have
preferred to select a K/Cl ratio close to that ehwater (Fig. 4). Moreover, this ratio allows estiimg a
temperature for the hot end-member using the Na& [da/K/Ca geothermometers similar to that giventhsy
Silica (quartz) geothermometer (Tab. 2). The termpee selected for the hot end-member was 160°(3. vEtue is
close to those (160-180°C) estimated by Marini {)9&ing chemical geothermometers applied to nowleonsable
gases collected from several fumaroles locatedhénvicinity of this thermal spring, in the North-@lbbet. The
temperature and the chemical composition of a Gbeubeawater sample, collected near the thermiags(BW in

figure 2) by Sanjuast al. (1990), are also reported in table 1.
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Figure 3: Determination of the Li/Cl ratio for the Hot Eddember (HEM) of
the thermal spring Ghoubbet Channel (G2) usingtb&Cl and SO4/Cl variations.
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Figure 4: Determination of the Na/Cl, SiO2/Cl, Ca/Cl andZKfatios for the hot end-member of
the thermal spring G2 using the Li/Cl determinedigare 3.

Table 1: Chemical and isotopic compositions of geothersealwater-derived fluid samples collected from Djifband Iceland
selected for this study. These data were extrdobed Sanjuan et al. (1990), Houssein et al. (19BR)insson et al.
(1972), Olafsson and Riley (1978), Truesdell e{E981), Sanjuan et al. (2010; in prep.).

Geothermal area

Sample Fluid sampling T PpHEhW, Na K Ca Mg C Ak SO SO, Li TDS NaK NaLi 8O0y 8 Ssoy
date °C mV mgl mgl mgl mgl mgl megl mgl mg/l pg!l gl molar molar % %o
Dijibouti
Asal wells Asal 1 1983 255 28507 4883 16393 24 77997 033 211 514 12976 128 103 66
Asal 3 9/11/1987 260 4.65 26254 4692 15431 23 72076 192 520 14158 110 560
Asal 3 (BH) 1/9/1988 5.22 26438 4497 14268 23 69842 011 442 115 10
Asal 6 10/1/1988 260 4.64 27588 4927 15511 23 74593 001 27.9 5747813823 10 600
Asal Lake S1 1987 81959 4340 2553 9795 173720 4857 272 32 5093
S2 1983 2 710 04718 4731 2469 11472 184001 205 4304 170 4642 384 6149 193
3 1983 32 7.00 101155 5161 2677 12493 198891 220 4400 5551 323 3500 189
Ghoubbet Channel thermal G2 1987 60 11265 391 834 1172 20846 229 192 500 368 49 6806
spring (Tadjourah)
Hot end-member HEMGC 1987 160 10253 438 3571 0 21059 0 129 2061 355 40 1502
Seawater SW-TA 1987 30 11426 438 409 1398 21059 2632 120 25374 44 13432
Obock thermal springs 01 1989 70 6.63 0541 579 1126 729 18081 1614 835 1388 318 28 2078.2 194
02 1989 63 6.70 10230 544 878 987 18896 2056 607 1041 337 32 206B4 198
03 1989 74 652 10805 657 1050 792 19712 1777 925 1665 349 28 8 1959.2 202
04 1989 54 6.75 10230 559 902 941 19003 2037 631 1110 337 31 27881 202
Hot end-member HEMO 1989 210 10529 1216 2409 0 20705 0 266 4025 351 15 790
Seawater SW-OB 1989 30 8.2 11495 442 449 1429 20705 3122 090 250 37.6 44 81387.1 199
Iceland
Svartsengi wells SV-07 10/9/2007 244 615 -165 7043 1049 1128 04 13696 029 37.0 53880 235 11 824
SV-07 6/10/2008 244 609 -201 7483 997 1156 <025 14942 032 32.65 42807 251 13 780 43 166
SV-18 10/9/2007 244 729 -120 7498 1154 1163 05 14366 0.31 394 58860 248 11 740
Reykjanes wells H2 Bjornssoret al. (1972) 260 14506 19500 7440 588
H2  OlafssonandRiley (1978) 2  6.60 11930 1820 2239 127 2370 32 462 5950 402 11 605
H8  OlafssonandRiley (1978) ? 7.10 12730 1990 2249 9.8 25054 24 943 6590 430 11 583
H8 Tuesdellet al. (1981) 283 9629 18785 572 5100 570
Reykjanes wells RN-10 10/9/2007 319 495 -84 12644 1825 1886 21 25015 002 259310830 424 12 655
RN-21 6/10/2008 582 -6 12675 1748 1372 <025 23795 019 209 788005404 12 696 42 198
RN-22 10/9/2007 305 517 -120 12263 1814 2087 24 23620 009 29.88 78068 406 11 730
RN-22 6/10/2008 305 517 114 13911 1763 1581 <0.25 25203 0.1 2BB0 5951 434 13 706 48 208
RN-24 10/9/2007 286 566 -192 11310 1646 1889 10 21807 031 2754 74700 374 12 726
Seltjamarnes wells SN-04 6/5/2009 114 623 284 643 13 548 <025 2020 340 109 63 37 84783
SN-05 6/5/2009 114 827 149 677 13 408 <0.25 1870 259 105 61 33 916233
Seawater (Grindavik) SW-GR 6/10/2008 10 11427 374 386 1204 19108 2847 050 158 341 52 29218
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Table 2 Measured temperatures, temperatures of deepeayemhfluid estimated using chemical geothermonseded values
of temperature selected for this study.

Geothermal area Sample T Thnaxw  Tnake Thawca Tkmg Tz Tozvapor Tchae Thati  Tse.  1000/Tgy log(NavLi)
°C °C °C °C °C °C °C °C °C °C molar
Djibouti
Asal wells Asal 1 255 262 267 251 278 255 263 260 1.88 2.82
Asal 3 260 268 271 253 277 256 287 260 1.88 2.75
Asal 3 (BH) 261 266 251 274 256 286 260 1.88
Asal 6 260 268 271 254 280 266 277 260 1.88 2.78
Ghoubbet Channel thermal G2 60 107 140 166 98 62 64 60 300 383
spring (Tadjourah)
Tadjourah hot end-member HEMGC ? 122 153 163 152 171 160 2.31 3.23
Obock thermal spring 03 74 150 177 193 118 133 148
Obock hot end-member HEMO ? 213 229 223 201 240 210 2.07 2.90
Iceland
Svartsengi wells SV-07 244 243 253 240 310 258 230 235 243 1.94 2.92
SV-07 244 230 242 233 246 221 242 235 1.97 2.89
SV-18 244 248 256 243 309 264 234 248 245 1.93 2.87
Reykjanes wells H2 260 279 260 1.88 2,77
H2 ? 247 255 246 241 245 275 250 1.91 2.78
H8 ? 250 258 249 252 318 281 292 1.77 2.77
H8 283 265 284 283 1.80 2.76
Reykjanes wells RN-10 319 239 250 245 292 328 283 265 283 1.80 2.82
RN-21 234 245 246 298 261 256 261 1.87 2.84
RN-22 305 243 252 245 288 298 260 250 260 1.88 2.86
RN-22 305 224 237 240 300 262 255 262 1.87 2.85
RN-24 286 241 251 243 310 292 256 251 256 1.89 2.86
Seltjarnarnes wells SN-04 114 73 109 104 142 137 113 113 114 2.58 3.49
SN-05 114 68 105 103 140 135 111 107 114 2.58 3.53

Tnaxm: Na/K geothermometer (Michard, 1979)
Tnaxe Na/K geothermometer (Fournier, 1979)
Tnakica Na/K/Ca geothermometer (Fournier and Truesdelr3)

Toz vapor Silica-quartz geothermometer taking into accdhatwater vaporisation
before water sampling (Fournier and Rowe, 1966)

Twmg: K/IMg geothermometer (Giggenbach, 1988) Tehatcedony Silica-Chalcedony geothermometer (Arnorsson, 1983
T Na/Li geothermometer (this study)
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Obock area

The Obock area, located in the northern part ofRBpublic of Djibouti, is practically constituted a quaternan

formation of coralline limestone, 1-130 Ky old (Faureet al, 1980) with a thickness probably lower than 5C

Other present calcareousrinations and detrital materials are also obsermdidhese formations are above bas

formations of the Tadjourah Gulf, 2 My old (Vardt975). During the 1980 years, the regional tectomés

considered to be as dominated by the famous n-transfom system of the Tadjourah Gulf in which the nori

faults were BEW direction and the transform faults were-SO direction (Richard and Varet, 1979). Howeverren

recent studies indicate a different configuratiéig( 5) and the importance of active ctures with 130-140°N
directions (Chouckrounet al, 1988; Lépine and Hirn, 1992; Dauteet al, 2001).

The four littoral thermal springs, which were sedliby Housseiret al. (1993), are located in an intensivt
fractured area (Fig. 1). They were ¢pled during low tide. The temperatures of emergeaoge from 50 to 80°(
The results of the chemical and isotopic analysesgmted by Housseet al. (1993) are reported in table 1. Usi
these data and chemical geothermometers, thesersugiowed iat the origin and the evolution of these ther
waters seem to be:

- seawater which reacts with basalt at 210°C for ghdime to reach equilibriut

- a mixture of this hot fluid with cold seawater vehit emerges through the fractu

- dilution with small quantities of freshwater whiatay explain the lower Chloride concentration ofst

springs

The isotopicd'®0 andd*'S marinesignature of the dissolved Salés determined by BRGM for the four we
samples (Tab. 1) confirms tiexture of a hot seaater-derived fluid (absence of Saiiés) with cold seawater. Or
the hot endnember was used in this stu
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Figure 5: Fault pattern of the Gulf of Tadjourah deduced frdetailed analysis of shaded relief, stereoscopit @ousc
reflectivity images. Four kinds of structures ateritified (main active faults, minor active or itige faults, inactive
faults, and canyons) (figure extracted from Dauteual., 2001
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Iceland

This study focuses on two high-temperature areashéive been extensively drilled for electrical pogeneration
and are being exploited today. These are ReykjandsSvartsengi, southwest Iceland (Fig. 6). Theeasaare
located within the active volcanic belts, the arésvhich represent the plate boundary between tadtan and
North-American lithospheric plates. Another studégda is the medium-temperature Seltjarnarnes gaoti field,
which is sited outside the active volcanic zon&iraternary flood basalts (Fig. 6).

Svartsengi

Ice fields

0 50 100 km

—_— < 0.8 Ma
0.8-3.3Ma

@ studicd fields in this study

! 3.3-15Ma

Figure 6: Location map of the three Icelandic geotherr@tl§ selected for this study and of the other lyexmhal fields studied
in the framework of the European project HITI (& et al., 2010).

The three geothermal fields are both located orRiagkjanes peninsula in southwestern Iceland wheghesents
the landward continuation of the Reykjanes Ridgeg.(B). This Ridge is itself a projection of the dvtlantic

Ridge (Olafsson and Riley, 1978). The peninsulasistst mostly of Holocene lavas protruded by hyalstitie hills

formed by sub-glacial eruptions during the lastcigiion (Clifton and Kattenhorn, 2006). They ligrate setting,
the heat source to these systems are considelsxdoallow (1-3 km) sheeted dyke complexes angehmeability
is fracture controlled. The two high-temperatureotbermal systems are hosted by basaltic rocks, laciag
hyaloclastites, breccias, and pillow lavas as wasltuffaceous sediments (Giroud, 2008). Abundaméetmisions

increases with depth and dominate the successiibie greatest depth reached by the wells.

At Reykjanes, the measured temperatures at therbdtble can vary from 225 to 320°C. The highestperature
recorded in the geothermal wells is close to 32@%@, depth of 2000 m. The aquifer is two-phase/@adi®00 m but
sub-boiling at greater depths. The Svartsengi geothl field is classified as high-temperature agdid-dominated
(Gudmundsson and Thorhallsson, 1986). The temperatuSvartsengi is very homogeneous. Between 500 a
2000 m depth, it is close to 240°C, reflecting gamdtical permeability in the system which presemsindant
vertical fractures. At Seltjarnarnes, the maximumasured temperature was 114°C (Arnorsson and Acholters
1995).

The geothermal fluids selected for this study ¢ found in the literature for the Reykjanedfi@jornssoret
al., 1972; Olafsson and Riley, 1978; Truesdetflal, 1981) and those sampled by Sanjwnal. (2010, in
preparation) with the collaboration and help of BE@n October 2007, June 2008 and June 2009, ifrahework
of the European HITI project (HIgh Temperature dustents for supercritical geothermal reservoir ahtarization
and exploitation). These fluid samples were codldat the well-head using a stainless steel (N8i&re separator
to separate water (Sanjuanal, 2010, in prep.) from the wells:
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- RN-10, RN-21, RN-22, and RN-24 in the Reykjanestigenal field,
- SV-07 and SV-18 in the Svartsengi geothermal field,
- SN-04 and SN-05 in the Seltjarnarnes geothermial. fie

A sample of seawater was also selected. The resfulte corresponding chemical analyses are regpamtéable 1.
The chemical composition of the geothermal fluidmpled by Sanjuast al. (2010, in prep.) was not corrected
taking into account the concentration factor due the phase separation because most of the chemical
geothermometers are based on element concentratitins. However, for the temperatures estimatedguthe
Silica (quartz) geothermometer, the relationshipsodering the water vaporization was selected (BabContrary
to the Svartsengi and Seltjarnarnes geothermalsfieghere the temperatures measured at the botttarah® close
to those estimated using the chemical geothermometee bottom-hole temperatures in the Reykjametshgrmal
field are often different from the estimations (T&p. For the geothermal waters of this field, vesédn considered
that they were not always in equilibrium with sumading rocks at the temperature measured in theretole and
have preferred to select the average temperatummagsd using the chemical geothermometers as tbst m
representative of these waters (Tab. 2).

The geothermal fluids at Reykjanes represent seawahich has reacted with basalt (Arnorsson, 1989%)
experienced stable isotope exchange with alteratimerals (Popet al, 2009; 2010). The Cl concentration of the
unboiled aquifer water is thus close to that ofwssar. The Svartsengi geothermal system has a nmetdoric-
seawater fluid origin with Cl content correspondingabout 2/3 that of seawater and the deuteriuntect of this
water is consistent with such an origin (GiroudD&p0 This mixture has reacted with basalt at 24@Cenough
time to reach chemical equilibrium. The geotherfigids at Seltjarnarnes represent seawater highiyed by
freshwater (about ten times), which has intera@ad would be in equilibrium with basalt at relativdow
temperature (114°C).

Mid-Ocean Ridges and Rises

Numerous chemical and Li isotopic data from litaratwere obtained for the very hot fluids circuigtiin Mid-
Ocean Ridges (Mid-Atlantic Ridge, Middle Valley Ri& etc.) and Rises (East Pacific Rise...), in the
bibliographical review done by Sanjuan and Milld0Q9) in the framework of the European project HiThe data
selected for this study were extracted from thelidmgbaphical review and are reported in Appendix The
temperatures given in the literature are often ecltus those estimated using the silica geothermanigteartz).
Depletion in Lithium can be observed for the fludsculating in old and much altered MAR and EP&;lsas vent
fluids from the Lucky Strike field or vent fluids &3°N...

NA/L| RELATIONSHIP FOR GEOTHERMAL FLUIDS DERIVED FROM
SEAWATER-BASALT INTERACTION PROCESSES

As shown in figure 7, a Na/Li thermometric relasbip can be statistically defined for seawater gedthermal
waters derived from seawater-basalt interactiorcgsses such as those discharged from the emerdesdoRi
Djibouti and Iceland. This relationship:

T (°K) = 920 / [log (Na/Li) - 1.105] fr= 0.994)

can be considered as the most reliable and acctoatemperature values ranging from 0 to 365°Csdlbte
uncertainty on the estimated temperatures is clos¢ 25°C. This uncertainty is in good agreementhvthe
temperatures estimated using this geothermomediitionship in this study (Tab. 2). For seawatavesal
examples were selected (see Table 1 and AppendiXhe) data for the hot fluids circulating in the diDcean
Ridges and Rises (Appendix 1) have not been intedr@r determining this relationship in order totain a more
accurate relationship for the fluids dischargedrfremerged Rifts. However, except the fluids fromt ahd much
altered MAR and EPR, depleted in Li, most of thénthis relationship very well (Fig. 7).
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Figure 7: Sodium/Lithium geothermometric relationships &rig in the literature and new Na/Li relationshiggtermined for
geothermal fluids derived from basalt-seawateraution processes in this study.

The excellent regression coefficient obtained fos relationship confirms the temperatures estichdéde the hot
marine end-member of the thermal waters colleatech the Ghoubbet Channel (160°C) and Obock (21Qi€thg
the other chemical geothermometers (Tab. 2).
This thermometric relationship is slightly diffetefrom that determined by Sanjuan and Millot (2009)
T (°K) = 855/ [log (Na/Li) - 1.275] {=0.967)

which integrated most of the literature data alddltfluids circulating in Oceanic Ridges and Risesiell as data
from Djibouti, but used limited data from Iceland.
This thermometric relationship is very differenorfr that determined by Fouillac and Michard (1981r) daline
geothermal waters in volcanic and granite envirams€Cl concentrations 0.3 M):

T (°K) = 1195/ [log (Na/Li) - 0.13] (browiinke in figure 7).
and from that described by Kharakha and MarineB@)9or hot saline fluids discharged from sedimentaasins
located in world geothermal and US oil fields:

T (°K) = 1590/ [log (Na/Li) + 1.299]  (greeimé in figure 7).
However, we can note that the data relative tabttirees collected from the Asal Lake, reported iplgal, fit this
last relationship very well (Fig. 7).

Finally, the Na/Li relationship determined for geetmal fluids derived from seawater-basalt intéoacprocesses
is also very different from those determined for:

- the HT dilute geothermal waters (Cl concentratien8.3 M) in volcanic and granite environments by
Fouillac and Michard (1981; Fig. 7);
- the HT dilute geothermal waters from Iceland byjGamet al. (2010; Fig. 7).

THERMODYNAMIC CONSIDERATIONS

The sodic feldspar is commonly observed in the saifithe volcanic and granitic geothermal resepvaird is often
involved with K-feldspar in the control of the agues Na/K ratios (see Na/K thermometric relationshiplowever,
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in other environments such as sedimentary rocles, slinerals can be also involved (D’Amore and Asson,
2000).

As discussed in Sanjuat al. (2010), dissolved Li generally increases with @asing temperature which can be
interpreted as mainly caused by rock leaching ssalution. However, Shaw and Sturchio (1992) nétedl Li was
also preferentially trapped in illitic alteratiorrgolucts when temperature increased and that, coasdy, the
retention of this element was favoured by abundétit alteration. Li can be also scavenged byesthlays such as
smectites, mixed layer clays or micas.

In order to understand the mechanisms involvedhénthermometric Na/Li relationship determined feothermal
waters derived from seawater-basalt interactiorgsses in this study, a thermodynamic approachcasaied out.
As muscovite (KAISi;O1o(OH),) is relatively easily available as mineralogicatlyre phase, and consequently is
chemically and thermodynamically better defineds itvidely used as a proxy for illites in the syst&,0O-Al,Os-
Si0-H,O (Manning, 2003; Sanjuast al, 2003). Consequently, muscovite replaced illitetia thermodynamic
calculations of this study.

If we consider the following equilibrium reaction:
NaAlSi;Os (albite) + KAISEOg (K-feldspar) + 2 AISi,O5(OH), (Kaolinite) + Li* = KAI3Si;0,0(OH), (Muscovite)+
LiAl 3Si;O;(OH), (Li-Mica) + 4 SiQ, (Quartz) + 2 HO + Na,
the equilibrium constant for this reaction at tenapere T () is given by:
K= (Na)/(Li™)
where (N&) and (Li") are the activities of the dissolved Sodium arttiilim ions.

If we consider that Na and Li are essentially inoof N& and Li" and theactivity coefficients for these ions are
very close, Kk can be then expressed as:

K+ = [Na'J/[Li ] = Na/Li

where [Nd] and [Li"] are the concentrations of the dissolved Sodiumh kithium ions and Na and Li are the
concentrations of total dissolved Sodium and Litiiu

For this reaction, the integration of the Van't Hefquation:dln K/dT = AH°/RT? allows expressing the
equilibrium constant Kas a function of temperature following the relasbip:

log Ky = log Kogg - AH°R/(2.303 X R) x (1/T - 1/298.15)
where Kqg is the equilibrium constant at 298.15°K (25°6H°& (J.mol?) is the standard molar enthalpy of reaction

assumed to be constant in function of temperatare] R is the perfect gas constant §3143 J.K.mol?).
Temperature T is given in °K.

We can then write:
log (Na/Li) = log Kygg+ AH°R/5709 -AHR/(19.1478 X T)

If we compare the Na/Li thermometric relationshigained in paragraph 3 with this last equation,cae estimate
the values of the corresponding reaction enthatyyesuilibrium constant at 298°K (25°C) as follows:

AH°R/19.1478= - 920 (slope of the straight line in figure 7) and
log Kygg+ AH°R/5709= 1.105 (constant of the straight line in figure 7)

This implies thaf\H°g = -17616 J.mot= -17.6 KJ.mof and log Kgs=4.191.

Knowing this last parameter, we can determine thkievs for the corresponding standard Gibbs free ggnef
reactionAG°r following the fundamental thermodynamic relation:

AG°: = - 10g Kogs X R x 298.15 x 2.303 -23924 J.mot = -23.9 KJ.mof.

TheAG°®g of this reactiortan be also calculated using the following fundamehermodynamic relationship:

AGOR =2 N 4G of (right compounds) 2 N AGOf (left compounds)
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wheren; is the reaction coefficient of each compound &@f; refers to the standard Gibbs free energy of foronati
of each compound of the reaction and for whichviilees are reported in table 3.

We can then write:

AG °R =AG of (muscovite)+ AG of (Li-mica) +4AG of (quartz) +2AG of (H20) +AG of (Na+)
- DG (aiite) = AGt (k-teldspar)~ 2 DG (kaolinite)~ AG % (Lit)

=-23.1 KJ.mot.

Most of theAG* values (Tab. 3)vere selected from the thermodynamic data bas® data.R2 of the EQ3/6 code
(Wolery, 1995) which relies heavily on the SUPCRT@hsistent data base (Johnsanal, 1992), a reference
software package for calculating the standard ntbkimodynamic properties of minerals, gases, aggispecies
and reactions.

However, for micas, in the absence of data for licdM all the values (Tab. 3) were extracted frommghper written
by Tardy and Duplay (1992), who use a method afmeding the standard Gibbs free of formation ofyslaninerals
and thermodynamic values similar to those founthan EQ3/6 data base. Note that for muscovite (Kajnithe
AG® value is identical to that proposed in the EQ3/&dsse. As shown in Sanjuahal. (2010), the values of
standard Gibbs free energy of formation found im ltterature for the alumino-silicate minerals, esplly for clay
minerals, can have large variations. It is whyritest important requirement is the consistence had¢oherence of
the selected data base.

The value found foAG°g close to that determined from the relationshipanted in paragraph 3 (-23.9 KJ.rlpl
suggests that the Na/Li ratios are most probabihgrotied by this type of equilibrium reaction, wkethe formulae
of the clay minerals (K- and Li-micas) are certgisimplified but represent relatively well the irdeting phases.
Consequently, the Li concentrations could be welitmlled by clay alteration products, partiallynstituted of
illitic and mica minerals, at high temperature. stsown by Sanjuamt al. (2010), other equilibrium reactions
involving slightly different mineral assemblagesiltbexplain the other existing Na/Li relationships.

The AH®g valuerelative to the considered equilibrium reaction bancalculated using the values of standard molar
enthalpy of formation4H?®;) for each compound following the fundamental thedgmamic relationship:

AHOR =2 N AHof (right compoundsy X N AHof (left compounds)

wheren; is the reaction coefficient of each compound.

We can then write:

AHg = AH®f (muscoviteyt AH s (Li-micay + 4 AH (quary ¥ 2 AH 20y + AH (nat DHt (aite) - AH;
(K-feldspar)~ 2 AHf (kaotinite) ~ AHf it
=-17.5 KJ.mol.

As for the AG%, the AH®% values (Tab. 4) were selected from the thermodymalata base data0.com.R2 of the
EQ3/6 code (Wolery, 1995), except for Li-mica andsgovite, which were those proposed in Sanptaal. (2010).
The AH®%s value selected for muscovite was determined byllgfid (1994) and is very close to that of the EQ3/
data base (Tab. 4). TiH°; value selected for Li-mica was estimated by Sangtaal. (2010) because it was not
available in the literature.

In spite of the inaccuracy related to #hE°; values (Sanjuaet al, 2010), the value determined faH° is very
close to that estimated using the Na/Li relatiopstétermined in paragraph 3: -17.6 KJ.fdrhis result is in good
agreement with that obtained from th&° values and strengthen the conclusions drawn up flmse last. It is
concordant with th&H?®; value estimated for Li-mica by Sanjuanal. (2010).
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Table 3 Values of the standard molar Gibbs free energidsrmationAG®; selected for the compounds used in this

study.
Compound Chemical formula Authors AGf sgecer  EQ3/6
KJ.mol? data base
Water H,0 Johnsoret al. (1992) -237.17 X
Aqueous Lithium ion Li* Robieet al. (1978), Tardy and Duplay (1992) -293.30
Agqueous Sodium ion Na* Shock and Helgeson (1988) and Johrstoml. (1992) -261.88 X
Albite NaAlSizOg Helgesoret al. (1978) and Johnscet al. (1992) -3708.31 X
K-Feldspar KAISi ;0g Helgesoret al. (1978) and Johnscet al. (1992) -3746.24 X
lite K 0.eM0g.25Al 2 3813 501(OH), Wolery (1978) -5455.81 X
Kaolinite Al,Si,05(0H), Helgesoret al. (1978) and Johnsaet al. (1992) -3789.09 X
Li-Mica LiAl 5Si;01¢(OH), estimated by Tardy and Duplay (1992) -5596.80
Muscovite (K-Mica) KAl 3Si30,4(OH), estimated by Tardy and Duplay (1992) -5591.10 X
Quartz SiO, Helgesoret al. (1978) and Johnscet al. (1992) -856.24 X

Table 4: Values of the standard molar enthalpies of foromeAH°; selected for the compounds used in this study.

Compound Chemical formula Authors AHf glecte EQ3/6
KJ.mol! data base
Water H,O Robieet al. (1978), Johnsoet al. (1992) -285.84 X
Aqueous Lithium ion Li* Shock and Helgeson (1988) and Johnsioal. (1992) -278.45 X
Aqueous Sodium ion Na" Shock and Helgizg'neﬁlfééglfgf )J'ohrmm. (1992) 24030 X
Albite NaAISi;Og Helgesoret al. (1978) and Johnscet al. (1992) -3931.62 X
K-Feldspar KAISi ;0g Helgesoret al. (1978) and Johnscet al. (1992) -3971.40 X
lllite K 0.6MJg.25Al 5 5Si3 501o(OH), Wolery (1978) -5835.29 X
Kaolinite Al,Si,O5(0OH), Helgesoret al. (1978) and Johnscet al. (1992) -4109.61 X
Li-Mica LiAl 5Si;0,¢(OH), no data found in the literature - proposed in shigly -5992.00
Muscovite (K-Mica) KAl 3Si;0;,(OH), Krupkaet al. (1979), -5971.60
value also selected by Vieillard (19¢
Quartz Sio, Helgesoret al. (1978) and Johnsaet al. (1992) -910.65 X
CONCLUSION

In the framework of this study, a specific Na/Lettnometric relationship was statistically obtairfiedHT fluids
derived from seawater and basalt interaction psE®existing in emerged Rifts such as those ofoDfib(Asal-
Ghoubbet and Obock geothermal areas) and of Ic€Regkjanes, Svartsengi and Seltjarnarnes geothdietds),
or in numerous Oceanic Ridges and Rises (Middlesait Ridge, East Pacific Rise, etc.). This relaiip, which
can be applied at temperature values ranging freon3®5°C, with an uncertainty of + 25°C, can beatibed as:

T (°K) =920/ [log (Na/Li) - 1.105] &= 0.994)
This relationship is slightly different from thagtgrmined by Sanjuan and Millot (2009) which instgd numerous

literature data about HT fluids circulating in On&aRidges and Rises as well as data from Djibduit, used
limited data from Iceland. The use of the thermainéda/Li relationship determined in this studyésommended.

The excellent regression coefficient obtained fos relationship confirms the temperatures estichdbe the hot
seawater derived end-member of the thermal wateltscted from the Ghoubbet Channel (160°C) and ®boc
(210°C), using the other chemical geothermometers.
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This thermometric Na/Li relationship is very diféet from the three relationships previously desatibnd known
in the literature and that proposed by Sanjeiaal. (2010) for the HT dilute geothermal waters froraléad.

The existence of new Na/Li thermometric relatiopshconfirms that the Na/Li ratios not only depemnd the
temperature but also on other parameters suchedtuttl salinity and origin, the nature of the desrimal reservoir
rocks in contact with the deep hot fluids or theiblorium reactions between these fluids and treerreoir mineral
assemblages.

Some case studies found in the literature and theymamic considerations suggest that the Na/Losdtr the HT
geothermal fluids derived from seawater and bastdtaction processes could be controlled by adqlilibrium
reaction involving a mineral assemblage constituatdeast, of albite, K-feldspar, quartz and aleiyperals such as
kaolinite, illite (or muscovite) and Li-micas. Othequilibrium reactions involving slightly differérmineral
assemblages could explain the other existing N&lationships (Sanjuaet al, 2010).

This study shows that it is essential to well defthe environment in which the Na/Li geothermométeaipplied
before its use. Additional developments relativethis auxiliary geothermometer in different envinoents and
regions are necessary in order to improve itswhé&h can be more reliable than other classicattggranometers in
many cases and consequently, very useful for geatiieexploration. Experimental works in laboratamyolving
water-rock interaction processes as a functioreofperature and integrating chemical, isotopic amntkralogical
analyses should allow improving the knowledge amdieustanding of the running of this geothermometer.
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Appendix 1

Review of Lithium chemical and isotopic data refatio worldwide hydrothermal submarine fluids (egted from
Sanjuan and Millot, 2009). The data in italic dotriib the Na/Li geothermometric relationship detéred in this
study.

Hydrothermal springs T |1000T) pH [ Na [ Li | CI |Si0, Ak NalLi flog (Na/Li) |Li/Na x 1000 [Li/Cl x 1000 | Na/Cl 8l TSil-Qz Reference
oc | k* mg/l | mgll | mg | mg/l | mg/l HCO; %o °C
Vent fluids Bent Hill (Middle Valley Ridge, 1990) 26| 186 | 513 [ 7242| 257 1460f 61 88 851 2.93 117 0.9 76 273 Butterfieldet al. (1994)
Guaymas Basin hydrothermal solution 9 (Gulf of Caliornia, USA) 270| 184] 590 | 1103y 437 20598 55 6f 2.88 131 1.08f 83 10.0263 | Von Dammetal. (1985) - Charet al. (1994)
Vent fluids Dead Dog (Middle Valley Ridge, 1990) 27¢ 182 | 550 | 9150 382 204%p 63 122 0 2.86| 138 0.99 169 276 Butterfieldet al (1994)
Vent 6X (Escanaba Through, Gorda Ridge hydrothermabystem, 1988) 300| 174 540| 12874 8.9P 23643 4l 189 485 2.6 2.3 19 1841 |9 236 Campbell et al. (1994)
Vent 6X (Escanaba Through, Gorda Ridge hydrothermabystem, 2000) 300| 1.74| <581 1246p 8.7 22406 3¢ <14 480 2.6} 23, 19 86 229 Von Dammet al. (2005)
Vent 6X (Escanaba Through, Gorda Ridge hydrothermabystem, 2002) 300| 1.74| <574 1273p 77p 2275 3P <12 499 27| 2.0 178 86 228 Von Dammet al. (2005)
Guaymas Basin hydrothermal fluid 7 (Gulf of Califomia, USA) 300| 1.74] 590 11265 7.47| 20598 76! 45p 2.66) 220 1.85| 84 295 Von Damm (1988)
Guaymas Basin hydrothermal fluid (South Field, Gulfof California, USA, 1982) 300( 1.74] 590 | 11265 7.36) 2091 77 641 442 2.64 2.16) 1.8 83 [5.0296 Campbellet al. (1988b) - Charet al. (1993)
Guaymas Basin hydrothermal fluid (South Field, Gulfof California, USA, 1985) 300( 1.74] 590 | 10851 6.89 2056 81 586 475 2.6 2.10] 17 81 [2.6301 Campbellet al. (1988b) - Charet al. (1994)
Guaymas Basin hydrothermal fluid (East Hill, Gulf of California, USA, 1982) 300) 1.74] 590 | 111501 6.06f 21235 82 494 596 2.74 1.80] 1.44 81 [7.6303 Campbellet al. (1988b) - Charet al. (1994)
Guaymas Basin hydrothermal fluid (East Hill, Gulf of California, USA, 1985) 300) 1.74] 590 11219 589 21378 82 543 51 2.74 1.74] 14 81 [0.2303 Campbellet al. (1988b) - Charet al. (1994)
Vent fluid 6 at 11°N (East Pacific Rise) 31 171 310 6667| 3.36] 11983 85 59 2.78] 167 143 086 10.7307 Bowerset al. (1988) - Charet al. (1993)
Guaymas Basin hydrothermal solution 4 (Gulf of Calfornia, USA) 315| 1.70| 590 | 11150 6.06 2123p 82 55) 2.74] 180 1.46| 81 303 Von Damm (1988)
MARK-1 vent fluid (Mid-Atlantic Ridge) 335 | 164 | 370 | 11707 589 19818 11 <4 600 278 167 152 91 6.3336 Campbellet al. (1988b) - Charet al. (1993)
0BS (21°N, East Pacific Rise, 1985) 34) 16p 340 | 10093 643 1772f 109 4Th 2.68) 211 1.85 88 89332 Campbellet al. (1988b) - Charet al. (1993)
Vent fluid 1 at 11°N (East Pacific Rise) 341 161 3.10 [ 10851 6.3 1996p 11 534 2.73] 187 157 84 10.9340 Bowers et al. (1988) - Chan et al. (1993)
MARK-2 vent (Mid-Atantic Ridge) 350 | 1.60 | 3.90 | 11729 585 19818 104 <15 605 2.79 1.65) 15 191 85336 Campbellet al. (1988a) - Chat al. (1993)
Clambake (Ridge crest hydrothermal activity at Galgagos Spreading Center) 350 L6 11196) 7.92( 2109% 131 42 263 234 1.92] 0)82 359 Edmondet al. (1979)
Garden of Eden (Ridge crest hydrothermal activity & Galapagos Spreading Center) 350 1.6 10368( 7.92| 19251 131 39 2.60 253 2.10] 0fs3 359 Edmondet al. (1979)
Dandelions (Ridge crest hydrothermal activity at Giapagos Spreading center) 350 16l 7196 | 7.92| 14004 131 27 244 365 289 079 359 Edmondet al. (1979)
Oyster Beds (Ridge crest hydrothermal activity at Glapagos Spreading Center) 350 1.6 5954 | 4.78| 1141 131 37 258 266 214 080 359 Edmondet al. (1979)
0BS (21°N, East Pacific Rise, 1981) 3% 16p 340 [ 9932| 6.18 1733f 109 <24 445 2.69 2.06 182 88 92332 Von Dammet al. (1985) - Charet al. (1993)
NGS (21°N, East Pacific Rise, 1981) 3% 16p 380 | 11729 7.17| 2052 117 <12 444 2.6 2.03] 17 88 [l0.844 Von Dammet al. (1985) - Charet al. (1993)
NGS (21°N, East Pacific Rise, 1985) 3P 16 11656( 7.57| 20421 116f 46/ 267 215 1.89 0fs8 344 Campbelet al. (1988b)
SW (21°N, East Pacific Rise, 1981) 3% 16 360 | 10093 6.24 17585 10 <18 448 2.6 2.05) 18: 89 ]9.6330 Von Dammet al. (1985) - Charet al. (1993)
SW (21°N, East Pacific Rise, 1985) 3% 16p 4.00| 10621 6.72f 18613 10 <10 417 2.6 2.10] 18! 88 |8.6329 Campbelet al. (1988b)
HG (21°N, East Pacific Rise, 1981) 35D 160 330 | 10184 917 1758p 93 <31 3P 253 2.98 267 89 166317 Von Dammet al. (1985) - Charet al. (1993)
HG (21°N, East Pacific Rise, 1985) 35D 16¢ 3.60 | 10414 10.0% 179 1000 <24 313 2.5 3.20| 2.8 90 |6.8326 Campbellet al. (1988b) - Charet al. (1993)
0BS (21°N, East Pacific Rise, 1981) 3% 15p 360 | 10093 624 17585 104 48 2.69) 205 181 89 330 Von Dammet al. (1985)
Vent fluid 5 from the Broken Spur site (29°N Mid-Atlantic Ridge) 356| 159 41 2.62 239 214 0.$0 Jagtes. (1995)
Plume (Southern Juan de Fuca Ridge) 36p 154 320 & 2.67| 216 15 173 368 Von Damm and Bischoff (1987)
Vent fluid 3 from the Broken Spur site (29°N Mid-Atlantic Ridge) 360| 158 40 261 245 220 040 Jaste. (1995)
tic 364|157 409 261 247 221 0.9 Jagte. (1995)
Vent fluid from the Menez Gwen Field (Mid-AtlantiRidge, 'N, Mean values, 1993) 240 181420 11 308 0.83 0.70) 0[84 210 Charlou et al. (2000)
Vent fluid from the Menez Gwen Field (Mid-Atlantiidge, 37°50'N, Menez flank site, 1993) 284 170420 114 306 0.88 0.72] 0[82 213 Charlou et al. (2000)
Hydrothermal fluid from the 17°S active site on tiiéorth Fiji Basin Ridge (SW Pacific) 285 1.79| 4.70 109 302 0.95 0.78 ofg2 305 Grimaud et al. (1993)
Brandon vent - brine Be.5 (Southern East Pacifics) 295 176 3.30 92 296 1.09 0.88] [0 38 293 Von Damm et al. (2003)
13°N hydrothermal site (East Pacific Rise) 320 16p320 8 291 123 0.93] 0]76 360 Michard et al. (1984)
Vent fluid from the Lucky Strike Field (Mid-Atlant: Ridge, 37°17'N, Eiffel Tower site, 199 324 | 167 | 37C 1213 308 0.82 0.6¢ 0.82 299 Charlou et al. (200C
Vent fluid from the Lucky Strike Field (Mid-Atlantt Ridge, 37°17'N, Eiffel Tower site, 199 325 | 167 | 407 <12 1172 307 0.8¢ 0.6¢ 0.81 318 Von Damm et al. (199
Vent fluid from the Lucky Strike Field (Mid-Atlant Ridge, 37°17'N, Mean value: 328 | 167 | 368 1270 31C 0.7¢ 0.6¢ 0.84 308 Charlou et al. (200(
Vent fluid from the Lucky Strike Field (Mid-Atlant Ridge, 37°17'N, 2608 Vent site, 1996) 3p8  1.46378 | 9633| 2.89) 1864f 105 <3| 1005 300 1.00 0.79 80 331 Von Damm et al. (1998)
Vent fluid 2 at 13°N (East Pacific Rise) 354 159 3.1C | 12667  4.11 | 25241 | 116€ 931 291 107 0.82 0.77 344 Bowers et al. (198
t fluid from Ti tanti AG, 26°08'N) 360 158 13426] 2.85[ 23364 132 142 3.15 0.70 0.62 089 115360 Campbell et al. (1988a) - Chan et al. (1994)
Seawater (Diamant, Martinique) 29| 332 819 11400 023 2020p 0.1 143 14960 41 0.07| 0.0 .87 B05 anjufhet al (2003)
Seawater (Bouillante, Guadeloupe) 29 331 823 11000 0.25 2018 0.4] 169 13380 4.1 0.08] 0.0 .84 P9.3 anjudh (2001)
Seawater (Lamentin, Martinique) 29 | 331 820 1140 0‘23 2130} 148 | 14960 4.17) 007 0.0 183 $0.1 Saejal (2002)
Lake Bogoria (Kenya) 27| 333]10.10{ 39300 0.7 15608 4.19 0.06 Cioniet al (1992)

Tsi-oz temperature estimated using the Silica-quartzrggmometer (Fournier and Rowe, 1966).
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