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1. Introduction

Before discussing the geochemical techniques applithe exploration and

exploitation of geothermal resources, it is coneahto recall few general concepts.

Geothermal energy is the natural heat of the gattich is transferred towards
the surface through conductive and convective mseE® Because of these processes,
the temperature within the earth crust generaltyagases with depth 630 °C/km.
Assuming that the yearly average temperature atdhé surface is 15°C, a
temperature close to 105°C should be foungdZkm depth. However, in the present
economic and technologic framework, it is generatly convenient to extract these
relatively low-temperature fluids from these congtievely great depths. From this
simple consideration, it is clear that geothernmargy can be economically exploited in
geologically favorable contexts, where a naturatitial engine, which is generally
represented by the heat released from magma batithated at depths of few
kilometers, is present. This natural thermal engjiilggiers the convective circulation of
the waters contained in the overlaying rocks. Thusse fluids ascend towards the earth
surface and are stored in relatively shallow resiesv These geothermal reservoirs are
separated from cold waters, which are generallgepreat shallow depths, by either
primarily impervious layers or by rocks whose ppermeability is due to self-sealing
phenomena.

Since the energy contained in geothermal fluidaush smaller than that
contained in the same amount of oil, a further meguent for the economic exploitation
of geothermal energy is the storage of geothermals into reservoirs of
comparatively high permeability.

Exploitable geothermal systems can be divided entwo following groups,
based on their geological setting:

(1) systems situated in areas of either active voloamisrecent magmatism;
(2) systems located in other geological frameworks.
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Fig. 1.1. Geographical distribution of high-temgara geothermal systems, compared
with lithospheric plate boundaries. 1= fields exjgld for electrical production;
2=identified high-temperature fields; 3=mid-ocealges and transform faults;
4=convergent plate boundaries (from Barbier, 1997).

The high-temperature (180°C) geothermal systems, which are under
exploitation for conventional generation of elecenergy, mostly belong to the first



group, whereas the geothermal systems exploitedifect uses belong to both groups.
Since most active volcanoes are situated alongtirgins of crustal and oceanic plates,
high-temperature geothermal systems are also folmsé to these plate margins (Fig.
1.1).

However, geochemical techniques are very imposdbsat in investigating low-
temperature geothermal systems, such as those @éfipls, where | had the opportunity
to work some years ago (e.g., Martinotti et al99;Pastorelli et al., 1999; Marini et
al., 2000; Pastorelli et al., 2001; Perello et2001).



2. The origin and evolution of volcanic and geothenal fluids: a review

The study of the origin and evolution of volcanndayeothermal fluids is one of
the main concerns of geoscientists since many yPassible sources contributing
major and trace elements to these discharges mthe@magma, the host rocks, and the
fluids circulating in the subsurface.

Craig (1963) found that the {4 isotope ratio of thermal waters was always
close to that of local groundwaters (Fig. 2.1).tB@ basis of these isotopic
measurements he suggested that by far the majpogii@ns of water in hydrothermal
discharges are of local meteoric origin. About tHeliis and Mahon (1964) showed that
most of the chemical constituents of geothermakwgatould simply be leached from
crustal rocks. Based on these findings, the foimnadf hydrothermal solutions was
explained largely in terms of the interaction oftewgic waters with crustal rocks at
elevated temperatures, with magmatic contributlonged to the supply of heat.
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Fig. 2.1 Oxygen isotope shifts of geothermal fluielative to local meteoric waters.
Frome Truesdell and Hulston (1980).

Giggenbach (1987), by studying White Island volcawmer a long time period
and its changes from typically volcanic dischargegeothermal” discharges got
convinced that magmatic contributions to "geothdtmigcharges may be much more
important than generally assumed. In the meantinejdea was pronounced by
exploration geologists (Bonham, 1986; Hedenquig8,7]1 White and Hedenquist,
1990), who found increasingly convincing evidenta snagmatic connection to ore
deposition. Giggenbach (1992a), studied a big nurobgeothermal systems in
volcanic island arcs at different latitudes andestahat the "horizontal®O shifts,
interpreted by Craig as due to water-rock intecagtare rather the exception than the
rule. In fact, he found that significant hydrogéifts from local meteoric water values
are common in fluid discharges from island arc anfwes and proposed a common
magmatic endmember for these systems (Fig. 2.2)eteed this latter "andesitic"
water and suggested that it originated as seawstewas altered during diagenesis and
subduction. As shown in Fig. 2.2, volcanic condéssalot close to the andesitic end



member indicating high contributions of this lati@hereas the geothermal discharges
are in general characterized by much higher prapwstof local groundwater.

Besides HO, excess amounts of G@nd N are also a characteristic of many
vapor discharges along convergent plate bound@viagy et al. 1989; Varekamp et al.
1992; Kita et al, 1993; Giggenbach and Poreda, 19880 et Marty, 1995;
Giggenbach, 1997a). They are generally explaindzeasy derived from the subducted
slab. This same origin was proposed for a condidezart of the S and Cl in vapor
discharges (Giggenbach, 1996).

h [ Mediterranean
magmatic wat.
o4 T |seawater . 7 be=s——=
&D
(Choo)
501 L
"primary
y magmatic
e "
P water
/ .
_100- / yd 5
/ e QO local groundwaters
® & & 9, arc-type @ geothermal discharges
/ magmatic water B volcanic condensates

T T T rrTrTa,—-—-r-r-T——-rT———T—T 7T Trrr1I T

15 10 5 0 © 5 8%00e) 10

Fig. 2.2 Isotopic composition of geothermal andcaaic water discharges and
associated local groundwaters (from Giggenbach24p9

In summary, the origin of hydrothermal fluids inle@nic island arcs is depicted in
the generally proposed cross-section of Fig. 2@ deneration of a4®-rich fluid
phase (Stolper and Newman, 1994) initiates partglting of the mantle wedge in the
vicinity of the subduction slab. Dehydration of getliments that accompany the
subducting slab and melting of the slab add compisrte the melt. The melt thus
formed rises through the crust, which may act ashean potential source for adding
components to the magma.

Fluids produced through the degassing of a magmsistomainly of water vapor,
CO,, SOQ and/or HS and HCI (Giggenbach, 1987). Variations in thelative
concentrations depend mainly on differences in nagnvolatile solubility and degree
of degassing of the magma (Giggenbach, 1996). Alisor of these gases into deep
circulating groundwater and cooling leads to thenation of acid, relatively oxidized,
and highly reactive solutions. These are reducedentralized through the interaction
with wall rocks in a zone of primary neutralizatjevhereby major cations are leached
and added to the fluid (Giggenbach, 1988, 1997adR¥997). Boiling of the
geothermal liquid thus formed liberates the dissdlgases, which fractionate into the
vapor phase that ascends to the surface, disclgaaigit00°C fumaroles. Condensation
of these vapors into groundwaters may generatenshemted acid-sulfate waters from
atmospheric oxidation of 3. The residual deep geothermal liquid is likelyloav out
laterally where it can mix with external waters atischarge as neutral-pH chloride
springs.



Fig. 2.3 Schematic cross section of a typical hfgromal-volcanic system in active
island-arc andesite volcanoes. Modified, after Hhedést (1986) and Hedenquist and
Lowenstein (1994).



3. Sampling and analysis of geothermal fluids

3.1. Geothermal liquids

The strategies of sampling and analysis of therahtvaters circulating in the
geothermal area to be investigated (i.e., the numibgamples to be collected and the
analytical routine) chiefly depend on the scale stade of advancement of each specific
project, the available funds, and logistic constisailn general, it is not advisable either
to analyze a large number of chemical and isotpgrameters in a small number of
samples nor to determine a small number of cherpa@meters in a huge number of
samples. Besides, oversampling is not possibleusecaater samples are stable for
limited periods of time.

The best strategy is to collect samples from aorasle number of thermal and
non thermal waters, distributed all over the inigeged area, to be analyzed, as soon as
possible, for the following constituents: Li, Na, Mg, Ca, alkalinity, SQ CI, F, B,

SiO, and NH. Additional constituents useful to investigateasfie problems are Al
(total and monomeric), 5, Rb, Cs, Br, As, and Hg.

If possible, the hydrogeochemical survey shoulddreied out at the end of the
dry season, to get water samples least affectedikipng with surface (rain) water.

3.1.1. Field work

In order to simplify logistics, field operations stlbe minimized. However, because
some species are unstable, they must either bgzawlah the field or preserved by
means of simple treatments, such as filtratiorgiication, and dilution.

Filtration must be carried out to prevent algalvgilg which may bring about
removal of dissolved chemical constituents, sucNldgand SQ, and clogging of
laboratory instruments during water analysis. &lltm is usually carried out through a
0.45mm membrane filter, although use of this size dagsassure complete removal of
suspended solids; in fact, finely dispersed Aldoydroxides may pass through the 0.45
mm membrane filters (Kennedy and Zellweger, 197 4&emeand Chandler, 1982).

Acidification is needed to preserve cation conteftsigh-temperature waters,
which become supersaturated upon cooling, andeteept precipitation of trace metals
from both high-temperature and low-temperature wgat&cidification is usually done
by the addition of either HCI (e.g., 1 ml HCI 1:6[N] to 50 ml of sample) or HNO
(e.g., 0.5 M HN®@1:3 [~4 N] to 50 ml of sample). In order to avalidsolution of
suspended solids, never acidify unfiltered water !

Since precipitation of SiEXrom supersaturated waters, accompanied by co-
precipitation of trace elements (e.g., Al), takkp even at pH as low as 1.5, dilution
of filtered or filtered-acidified samples is adwiéa for silica determination.

Based on previous observations, the following samafiuots are usually
collected:

- a filtered aliquot for the analysis of anions’tAand'?0/*°0 isotopic ratios, and
3H activity;

- a filtered-acidified aliquot for the determinatiof cations;

- a filtered-diluted (1:10) aliquot for the deterration of silica.
Other sample aliquots have to be collected forifipgurposes, e.g., complexing with
8-hydroxy-quinoline and extraction in methyl-isoftiketone is needed for the
determination of monomeric Al (Srinivasan et a@99). Sample size depends on the
number of constituents to be determined and orr#bry requirements. Large water
amounts are generally needed for tritium deternonaand when trace elements are
analyzed after a pre-concentration step. Polyetieytttles are generally preferred to



fragile glass bottles, but acid-cleaned glass émtike sometimes needed, e.g., for Hg
determination.
The field measurements to be carried out are:
- temperature, which is generally measured by meaadigital thermometer;
however, normal- and maximum-glass thermometersigo needed for
calibration and measurement of hot, unapproactsrlags;
- pH by means of a portable, digital mV-pH-meteunipged with a glass electrode;
- Eh by means of a portable, digital mV-pH-metesipped with a Pt electrode;
- conductivity by means of a portable, digitableduoctivity-meter equipped with a
suitable cell (range 0.1-100,06®&/cm);
- alkalinity by acidimetric titration using HCI Odr 0.01 N and methyl orange as
indicator; utilization of a microdosimeter (minimwuded HCI volume 0.61)
allows to work with 200-10061. of water. It must be noted that the parameter
measured in this way is total alkalinity, Allthough in most non-thermal waters
this is practically equal to carbonate alkalin®yk., i.e., the sum of bicarbonate +
carbonate contents (in equivalents). In most geothkewaters and high-pH, high-
salinity waters, Alkis greater than Alk since other species, mainlgBOs3,
H3SiO4, and NH, are also titrated. The effects of these specepslme corrected
carrying out an alkalinity titration followed by G@emoval and by a back titration
in the laboratory, or by means of speciation caltohs. Determination of Alkn
the field is needed to calculate reliablePvalues, which are of upmost
importance in geothermal prospecting.
- H2S by addition of a known amount of iodine and titna of excess iodine with
sodium thiosulfate; addition of a few drops of sbaindicator just before the end
point is needed; alternatively 8l can be measured by means of the methylene blue
colorimetric method; the analysis 0$&lis generally performed for environmental
purposes and is not part of the standard analytcdine.
Flowrate of springs can be roughly evaluated bysueag the time needed by a leaf or
some other floating object to travel a known diseaalong the flow channel. The
distance/time ratio represents the average watecitae The flowrate is then obtained
by multiplying the average water velocity times #werage cross-section of the
channel. Consistent units have to be used.
Sample number and other details have to be writtebottles by using indelible
marker pen. Results of field analyses and othepiagidetails have to be written in a
field note book.

3.1.2. Geothermal wells

The geothermal wells, which tap a single liquidgehat temperatures > 100°C under
reservoir conditions, obviously discharge two-phagéd + vapor mixtures, which are
generated through boiling of the original singtpuid phase Incidentally, it must be
noted that the term “vapor” is commonly used ingleethermal slang, due to the
prevalence of water vapor, instead of the propen tgas”.

Sampling and analysis of both liquid and vapor peaseparated at known P, T
conditions, are required to recalculate the contjpwsof the original single liquid
phase. The two phases can be separated by meaitisenfa wellhead pressure
separator, if available, or a small-scale samglimgy comprising a small Webre-type
separator, a cooler for the separated liquid, &ecamndenser for the separated vapor,
and a gas/condendate separator (e.g., Fig. 3.1).

A similar equipment (Fig. 3.2) was earlier desatlilby Ellis and Mahon (1977)
and Giggenbach and Goguel (1989) and referencesirth&here operating procedures
are also found.



The composition of the single liquid phase undsereoir conditions is then
calculated by means of the simple mass balance:

Co=CG1-y+yG& 3.1

Indices O, L, V refer to the single liquid phasgiaily present in the geothermal
reservoir, the liquid phase at separation condtiamd the vapor phase (see below) at
separation conditions, respectively, and y is tham fraction.

Fig. 3.1. Small-scale sampling line for geothermall discharges (Marini and Cioni,
1985).

Fig. 3.2. Sampling line for two-phase geothermatharges (from Giggenbach and
Goguel, 1989).

From the previous discussion it is clear that weamples of separated liquid and
vapor phases are collected from a geothermal welnecessary to know:
- separation temperature and/or pressure (spegifiylvar-g or bar-a);



- well-bottom temperature and/or pressure and thsaharge enthalpy.
Above it was hypothesized the presence of a simglél phase in the geothermal
reservoir. Although this is the most frequent ditua it is not the only one, since either
a biphase liquid + vapor mixture or a single vaploase can also be present in the
reservoir. These possibilities can be ascertaiyestburate enthalpy data or by gas
geochemistry (Giggenbach, 1980; Bertrami et al85)9

3.1.3. Laboratory analyses
The standard instruments required in the analysigothermal samples includes:
- double-beam or modern single-beam atomic absorgpectrophotometer for the
determination of cations, as well as boron (> 1@ka)gand silica;
- ionic chromatograph for the analysis of most asje@xcept fluoride and
bicarbonate;
- visible-UV spectrophotometer for the colorimetlietermination of boron
(curcumine method) and silica (ammonium molybdag¢hmod);
- automatic titrator for the determination of alkély;
- pH-mV-meter which allows one to read 0.001 pHtanid 0.1 mV, equipped with
glass-electrodes for pH determination, and fluerated ammonia- specific
electrodes.
Giggenbach and Goguel (1989) give a detailed desani of the instruments and
methods, which are usually used for the analysgeothermal liquids.

In order to reduce errors in laboratory analygds,advisable to prepare
concentrated standards from commercial solutianprépare diluted standards daily, to
introduce frequently diluted standards in the amedy routine (to get rid of instrumental
drifts), to repeat the analysis of a given samgileréd in sufficient amount in the lab),
although the concentration of some solutes maygsharith time.

The quality of water analysis is usually checkeohpating the ionic balance;
however, possible errors for minor constituentg.(e.i, F, etc., but also Mg and S
high-temperature geothermal liquids) or neutratgse(e.g., Si@ H3BO3, NH3) cannot
be detected in this way. At best, ionic balancegian indication on the analytical
accuracy of major constituents.

3.2. Geothermal gases

Gothermal gas samples are usually analysed 4oy, BO,, H,S, NH;, He, Ar, Q,
N2, Hz, CH,;, and CO; in addition to these constituents, H®,and oxidized S species
(mainly SQ, and subordinately,&nd SQ) have to be taken into account too in high-
temperature volcanic gases.

3.2.1 Sampling of geothermal gases
Geothermal and volcanic gases are commonly sanmiee250 ml bottles equipped
with one or two Torion or Rotaflo valves (Giggenbat975a; Giggenbach and Goguel,
1989). In the laboratory, ~50 ml of a 4N NaOH siolutare fed into these partly
evacuated bottles, which are then evacuated by srefamrotary oil pump, and
weighted. The low pressure inside the bottle iscagd by the characteristic clicking
sound upon shaking. Since the NaOH solution hag ttarbonate free, it is advisable to
quickly wash the NaOH pellets with distilled watBesides one bottle have to be stored
to determine the analytical blank.

For fumarole sampling a glass tube or a glassdlisrinserted into the vent; the
discharge end of the apparatus is equipped wittoe subber pipe, where the bottle
will be connected, after a given time, which mustshfficient to heat the sampling train
and purge it from air (Fig. 3.3).
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Fig. 3.3. Sampling of fumarolic gases by use ofa®N charged bottle (from
Brombach, 2000).

The fumarolic gas is allowed to enter the bottleslmyvly opening the valve.
Then, the valve must be regulated to have a higtflger entering the bottle, to
minimize water loss due to condensation. Condemsatnnot be avoided, but the
drops of steam condensate, which form in the pipa&ge to be transferred to the bottle.
The bottle must be held with the entrance dowmyder to allow interaction between
the gas and the alkaline solution.

This interaction brings about condensation of waggror (the process has to be
favored by cooling the bottle with cold water) véhthe acidic gases (G@nd HBS in
geothermal gases, plus §®ICI, and HF in volcanic gases) are absorbederatkaline
solution, according to the following reactions:

COyg) + 2 OH = CO” + H,0 (3.2)
H,Se) + OH = HS + H,0 (3.3)
4 SQ+ 7 OH=3SQ% + HS + 3 H,0 (3.4)
HClg + OH = CI + H,0 (3.5)
HFg) + OH = F + H,0 (3.6)

The non-absorbed gases,(,, H,, CH,, He, Ar, ...) dissolve subordinately in the
alkaline solution liquid phase and are chiefly eoled in the head space above it.
Therefore the flowrate of fumarolic gases entetimgbottle will slow due to increasing
pressure of the gases accumulating in the hea@ grecgas flow is obviously driven
by the pressure difference between the vent anfdtike itself). If the bottle is not
properly cooled also water participates signifibatd gas pressure. When the flowrate
slows the valve must be closed. The amount of ghs¢€an be sampled is limited by
either: (1) exhaustion of NaOH, for fluids richanid gases ; (2) exhaustion of vacuum,
for fluids rich in non-absorbed gases; (3) exhaustif the liquid space, for fluids rich
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in water. If the chemical characteristics of thectiarged fluids are known, the amount
of NaOH can be adjusted accordingly.

Steam or gas discharges from a pool are colldotknving the same procedure
of fumarole sampling. In this case a glass or dshnel is attached to the sampling
line (Fig. 3.4). Metals should be avoided, to preud, production through reaction
with acidic solutions, which are common in steamatbd pools. The funnel must be
placed near the point where gas or steam entepothldéo prevent air contamination
(pool water is aerated), which brings about additbatmospheric gases, e.gp,
and Ar and consequent removal gfS-and other reduced species through reaction with
O,.

Fig. 3.4. Sampling of geothermal gases from pdotsr( Giggenbach and Goguel,
1989).

The same NaOH charged bottles can be used atsdl¢ot steam samples from
geothermal well discharges, either from a steamdiownstream of the wellhead
pressure separator (in this case a T-piece sheuldéd for safety reason) or
by means of a small-scale sampling line (see above)

Fig. 3.5 Sampling of fumarolic gases by use of @demser-separator (from Brombach,
2000).

Use of NaOH charged bottles allows representativepling of both geothermal
and volcanic gases. The only disadvantage of tloisgulure is the reaction of excess
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NaOH with CO to produce sodium formate, whose kiisas described by Giggenbach
and Matsuo (1991). For CO determination, sepaatgtes have to be collected,
downstream of a condenser-separator (Fig. 3.5x;wikicooled with either boiling
diethyl ether or ice + liquid water or just watgise of ether or ice maintains
condensation temperature constant at 38°C or @¥pectively, whereas if water is
used, condensation temperature must be checkekephdonstant by regulating the
water flow. Use of this equipment allows one tdextlalso samples of steam
condensates (for the determination of th8-dnd*®0/*°0 ratios of HO).
Uncondensable gases can also be used for isotegigsas, e.g., theC/°C and

80/*°0 ratios of CG.

3.2.2 Laboratory analysis of geothermal gases
As indicated by Giggenbach and Goguel (1989), enlélhoratory, NaOH charged
bottles are weighted again to determine the totedunt of collected gases:A

Then the first analytical step is the chemicab(amentually isotopic) analysis of
non-absorbed gases, to avoid air contaminationn@izé analysis of non-absorbed
gases, including CHout excluding higher hydrocarbons, is performedjay
chromatography, for instance by employing the ta@e ghromatographs sketched in
Fig. 3.6 (Giggenbach and Goguel, 1989).

Fig. 3.6 Plumbing of the two gas-chromatograph dsedhemical analysis of non-
absorbed gases (from Giggenbach and Goguel, 1989)

High sensitivity determinations of He and, ldnd lower sensitivity analyses of
0., Nz and CH are carried out by using a gas chromatograph pgdiwith a thermal
conductivity detector (TCD). Gases are separatea asiumn packed with 5 A
molecular sieves, at 30°C, employing Ar as gaserarr

High sensitivity determinations of Ar,,Nand CH are performed by using an
other GC equipped with TCD, after separation oinsa ¢éolumn packed with 5 A
molecular sieves, at 80°C, and combustion pinCGa second column also packed with 5
A molecular sieves, but kept at 220°C, employingBl gas carrier.

For calibration, a series of gas mixtures are thioed in the gas chromatographs
at known pressure (sample injection pressure maispked too). The partial pressure of
the gases refers to the volume constituted by ¢lagl Ispace in the bottle and the gas
inlet system, which is equal ta ¥ V; + Vg, where \{ is the condensate volume in the
bottle, \j, the volume of the gas inlet system, andhé volume of the empty bottle,
which was previously determined by difference bemvthe weight of the bottle filled
with water and the weight of the empty bottle.

Upon completion of chemical (and eventually isotdpinalysis of non-absorbed
gases, the condensate is collected into a cyliadéits volume Y (in ml) is measured.
Different portions of the condensate are then amal\yor:
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(1) ammonia, as soon as possible, by means of a gamg@mmonia electrode;
(2) hydrogen sulfide, as soon as possible, by adddf@aknown amount of iodine
and titration of excess iodine by using sodiumghbltate; alternatively, 6 can be
analyzed by ionic chromatography, after peroxidielatxon of sulfide to sulfate;
(3) carbon dioxide, through acidimetric titration; fitd,S must be removed, either
through peroxide oxidation of sulfide to sulfatepoecipitation of sulfide with AgN@)
then a glass pH electrode is inserted in the smiwind the pH is brought to 8.3, through
careful addition of 0.1 N HCI, in order to convearbonate to bicarbonate; finally the
true titration is carried out from pH 8.3 to pH Jvéhere the bicarbonate is totally
converted to carbonic acid.

The amount W(in mg) and M(in mmol) of each component is then calculated on
the basis of the concentrations(id mg/L) obtained by wet chemistry analyses, by
means of the relationships:

C»V
=—1_c (3.7)
' 100(C
W,
M =— 1 (3.8)
MW

where MWi is the molecular weight of the i-th compat.

Following Giggenbach and Goguel (1989), the amoahtaonabsorbed “ gases
M;i, in mmol, are calculated taking into account ttesalution of each component in the
alkaline solution:

Vf -V +V Vv
c g + C ' (39)
22400 18><Ki

M. =P x

where Ris the gas pressure in mbar measured by gas ctography (see above) and
Ki is the Henry’s Law constant at 20°C, in bars (nfcdetion)™:

Kue= 142,900 k2= 39,840
KN2 = 78,740 Kr = 36,400
Ky2= 65,500 KKns= 36,100

The moles of water collected are then obtained lémsafe (Eqn. 3.10):

WC-WCO -WHS-WNH -4MHe-2MH -4OMAr-.?>2Mo -28MN -16MC

4

M — 2 2 3 2 2 2

H,0 18000

where W is the amount of sample collected in mg.
The individual gas fractions of all components exd¢#j®, X;, in mmol/mol dry gas are
computed by means of:

X, =1ooo'\"—|\i/I (3.11)
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Finally the gas fraction, in mmol/mol total vapsrdgomputed as follows:

M,

X =1000 ! (3.12)
g M +

2 i
Carbon monoxide and hydrogen are analyzed, by nefamgaschromatograph fitted

with a Reduced Gas Detector (HgO), in the sepasdetple of dry gas. Hydrogen is
used as reference component to calculate the @Dadinan total vapor.
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4. Types of waters generally present in high-enthpy geothermal areas

The waters circulating in high-enthalpy geotherarabs are generally ascribable
to the four types described below (e.g., Ellis armhbh, 1977; Henley et al., 1984;
Giggenbach, 1988). It must be underscored, howdvatr each of these waters may mix
with each other giving rise to hybrid water typ€ke usual location of the different
types of waters is sketched in Fig. 4.1.

Fig. 4.1. Sketch of a geothermal system typicaaive island-arc andesite volcanoes,
showing the usual location of the different typésvaters (from Henley and Ellis,
1983).

4.1. Sodium-chloride waters

Waters circulating in deep, high-enthalpy geothtamaservoirs usually have
sodium-chloride composition and chloride conteatsging up to ten thousand mg/kg,
although in some systems (e.g., Salton Sea, Caili#pchloride may be as high as
155,000 mg/kg.

The pH of these waters is close (+ 1 or 2 unitshéoneutral pH for the
temperatures of the waters (e.g., 5.5-5.6 at 2@2B)Y. Silica, potassium, lithium,
boron, fluoride are much higher than in cold wat&ise high chloride waters also
contain appreciable calcium. Magnesium is insteadhmower than in cold waters. The
main dissolved gases are £&hd HS.

In general, the waters circulating in deep, higthalpy geothermal reservoirs are
mainly of meteoric origin, but in some systems a@irror other saline waters may be
present. In geothermal systems with close volcaragmatic association and located
along convergent plate boundaries, the deep, maginedt source may add acid gases
like HCI, HF, SQ, H,S and CQas well as some 'andesitic’ water (Giggenbach24d,99
see above). Conversion of the initially acid aqesalutions to neutral sodium-chloride
waters requires extensive rock-water interactiah\artually complete removal of
magmatic sulfur species in the form of sulfates suifides.

The deep sodium-chloride waters may flow direatlyhie surface and discharge
from boiling, high chloride springs, whose pH ras@®m near neutral to alkaline;
alternatively they may mix with shallow, low-saliynwaters to give relatively diluted
chloride waters.

Because of the morphologic-hydrologic structuréhefvolcanoes distributed
along convergent plate boundaries, in these awetisra-chloride waters frequently
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discharge from springs located several kilometessyarom the upflow part of the
geothermal systems (Fig. 4.1).

4.2. Acid-sulfate waters

Acid-sulfate waters are typically found above tipflow part of the geothermal
systems, where steam separation takes place. godsults in the transfer of gas
species, mainly C&and HS, into the vapor phase. This vapor phase can teach
surface without any interaction with shallow orfage waters, in the form of fumaroles
and steam jets. Alternatively, separated vapor coaglense, at least partly, in shallow
groundwaters or surface waters to form steam-headders. In this environment,
atmospheric oxygen oxidizes$ito sulfuric acid producing acid-sulfate watersegdn
are characterized by low chloride contents andpélwalues (0 to 3) and react quickly
with host rocks to give advanced argillic alteratmarageneses, which are dominated
by kaolinite and alunite. Dissolved cations anttaibre mainly leached from the
surrounding rocks, whose compositions may be appezhby these acid waters.

Shallow steam-heated waters may themselves lepidrating secondary steam,
which reaches the surface in the form of low-pressteaming grounds.

4.3. Sodium-bicarbonate waters
Bicarbonate-rich waters originate through eithesdlution of CQ@-bearing gases
or condensation of geothermal steam in relativelspd oxygen-free groundwaters.
Because the absence of oxygen prevents oxidatibhSyfthe acidity of these aqueous
solutions is due to dissociation 0$€0;. Although it is a weak acid, it converts
feldspars to clays, generating neutral aqueougisnk) which are typically rich in
sodium and bicarbonate, particularly at medium-heghperature. In fact:
(1) the low solubility of calcite prevents the aquesahition to increase in calcium
concentration;
(2) potassium and magnesium are fixed in clays anditddo respectively;
(3) sulfate concentration is limited by either low dahility or by the solubility of
anhydrite.
Sodium-bicarbonate waters are generally foundeéridbndensation zone' of vapor-
dominated systems and in the marginal parts ofdigominated systems. However,
sodium-bicarbonate waters are also present in geefnermal reservoirs hosted in
metamorphic and/or sedimentary rocks, such aszldére, Turkey (Guidi et al.,
1990a).

4.4. Acid chloride-sulfate waters

This type of waters is commonly found in craterlakuch as EI Chichon
(Casadevall et al. 1984), Kawah ljen (Delmelle Bednard, 1994), Poas (Brantley et
al., 1987; Rowe et al., 1992), Ruapehu (GiggenbB@h5b; Christenson and Wood,
1993), Sirung (Poorter et al., 1989), Yugama ankleyama (Takano and Watanuki,
1990). The chemistry of crater lake waters, espgaiairing periods of intense volcanic
activity, is obviously dominated by inflow and abstion of magmatic gases rich in
HCl and S species, mainly $@nd HS (e.g., Aguilera et al., 2000; Delmelle and
Bernard, 2000; Varekamp et al., 2000, 2001; Magiral., 2003a), leading to the
production of strongly reactive aqueous solutidngact, through dissolution in liquid
water, SQ disproportionates as specified by the followingateon (Murray and
Cubicciotti, 1983):

4SGQ+4H0  H,S +3HSO. (4.1)
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In crater lakes these highly acid oxidized solwtiane very reactive with respect
to cation leaching or rock dissolution, leadingl&position of alunite, anhydrite, pyrite,
and kaolinite. Nevertheless the low availabilityro€ks in lacustrine environments
often prevents the neutralization of the acid agsesmlutions. At greater depths,
magmatic gases interact with water and masse<hk$ ruch larger than in crater
lakes, and at higher temperatures and for longeogeof time, with respect to crater
lakes, thus leading to higher extents of neutribmaand ultimately to the formation of
neutral NaCl waters (Giggenbach, 1997a; Reed, 1997)

Consistently, acid CI-S£o SQ-CI waters are rare in geothermal reservoirs
associated with recent volcanism, as pointed odtrbgsdell (1991a) who reports the
best documented examples of deep geothermal weltkiping acid waters, i.e., Tatun,
Sumikawa and Miravalles, and discusses their arigin

In particular, at Tatun, acid Cl-Q@aters come from a geothermal reservoir
which is mostly developed within a 900 m-thick sexgce of orthoquartzitic sandstones
(containing only quartz, kaolinite, and minor ateniand elemental sulfur) and
subordinately within highly altered andesites. TH& khtroduced in the Tatun reservoir
water, most probably from a volcanic source, ismaitralized through water-rock
interaction because no minerals capable of nemitngliacids are present in the reservoir
rocks.

Corrosive acid S@CI waters were also found in some geothermal dielidthe
Philippines, such as Tiwi, Mt. Labo, Cagua, and Rihatubo (Sussman et al., 1993)
and Mahanagdong (Salonga et al., 2004). Againethe&l waters do not come from
separate reservoirs, but are produced throughwndlfcacid magmatic gases into the
deepest portions of convecting neutral-pH, NaClesys (Delfin et al., 1992; Reyes,
1990; Reyes and Giggenbach, 1992; Sugiaman 0a4). In particular, at Mt.
Pinatubo, the high-temperature (>350°C), corroflivids were encountered by three
wells drilled a few years before the 1991 volcarigption. These data testify, once
more, that the acidity and the chemistry of theemys solution depends on the extent of
water-rock “titration”, which is also a function tife amount of magmatic gases added
to the water and of the availability of mineralsigthare able to neutralize acids.

4.4.1. The Miravalles example

The origin of the acid CI-SQiquids of the Miravalles geothermal field has bee
recently investigated by Marini et al. (2003b). Ténégquids were encountered in wells
PGM-2P, PGM-6, PGM-7, and PGM-19, all of which Ereated in a small sector of
the field (Fig. 4.2). Acid CI-S@liquids have sulfate concentrations higher and pH
values lower than the neutral Na-Cl liquids, whaech tapped by most geothermal wells
of Miravalles (Fig. 4.3).

Reservoir pH values of acid liquids usually rangeneen 3 and 4 and are
significantly higher than those of the liquids seped at atmospheric pressure and
cooled at 25°C, ranging between 2.4 and 3.4. Torsteted this decrease in pH upon
cooling through iso-enthalpic boiling, it must leealled that the acidity of these waters
is controlled by the dissociation of bisulfate i&t6Q,’, which is more strongly
associated at high temperatures than at low teryesa(Reed, 1997; Marini et al.,
2003a). Consequently, the temperature decreaserdiets dissociation of HSOand
concurrent generation of HSince the amounts of'ldelivered by this process are
larger than those removed by loss of acid gaseslyma0,, the pH value decreases.

According to Truesdell (1991a) and Giggenbach andalss Soto (1992), the
most likely hypothesis to explain the origin of $kevaters is the inflow of magmatic
gases in the geothermal reservoir and the incompletitralization of these fluids.
Alternatively, interaction of neutral Na-Cl watevith highly altered rocks rich in silica,
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alumina, native sulfur, and sulfate minerals, repreting old solfatara areas that were
buried by later volcanic deposits, was indicatedRiopert O. Fournier (1993, written
communication) to account for the generation oféhacid liquids.

Fig. 4.2. Schematic geologic map of the Miravallesa, Costa Rica, also showing the
location of relevant geothermal wells (from Gheraitdal., 2002).

To clarify this matter, Marini et al. (2003b) haveéstigated the irreversible
water-rock mass exchanges governing the produefioeutral Na-Cl and acidic Na-Cl-
SO, geothermal liquids circulating at depth into thedvalles geothermal system by
means of the EQ3/6 Software Package (Wolery, 19992;1Wolery and Daveler,
1992).

First, the in-situ reservoir composition, includiply, was reconstructed; the
boundary conditions needed for the implementatioreaction path modeling g3z
Pu2s, and/or By) were evaluated; the saturation state of the vegdiquids with

19



respect to relevant hydrothermal solid phases estiemated (Fig. 4.4); and the possible
compositions of the initially acidic meteoric-magrodiquids were identified.

Then, both the interaction between meteoric-magnflaids and calc-alkaline
volcanic rocks and the interaction between neiMealCl waters and highly altered
volcanic rocks were modeled. Reaction path modeliag performed through a purely
stoichiometric approach without considering theekics of irreversible mass
exchanges.

Figure 4.3. Correlation plot between sulfate cotr@ion and pH of both neutral Na-Cl
liquids (circles) and acidic Na-Cl-S@quids (squares) of the Miravalles geothermal
field (data from Marini et al., 2003b).

Temperature was maintained at 235°C and total presguhe corresponding
saturation value, 30.6 bar, throughout the intéacwith calc-alkaline volcanic rocks
(an average andesite and an average dacite, isdparate runs), and progressive
neutralization, of an initially acidic, meteoric-graatic aqueous solution. Carbon
dioxide partial pressure was fixed at 3 bar, agg ®Ras kept at 0.01 bar, as these are
the average value of neutral Na-Cl liquids. The fbssolid product phases were
selected based on the indications provided by iaciots and thermodynamic
affinities to equilibrium. These minerals are pdrth® mineral assemblages typically
found in geothermal reservoirs and epithermal egodits with propylitic alteration
(seee section 7).

Results of reaction path modeling indicate thaitraé Na-Cl liquids represent the
product of the complete or almost complete newasibn of meteoric-magmatic
aqueous solutions. However, the characteristiesiof Na-Cl-SQ liquids are not
satisfactorily reproduced in this way.

The interaction of neutral Na-Cl waters with highlyered rocks (represented by
alunite and chalcedony) as a possible mechanigrottuce the acidic Na-CIl-SO
liquids was also simulated through reaction patlletiaog. Again, temperature, total
pressure, £y, and Roswere fixed at 235°C, 30.6 bar, 3 bar and 0.01 ftespectively,
and precipitation of the same solid product phasdise previous simulations was
allowed. In this way, the concentrations of reléva@remical components, SCCa, Na,
K, and SiQ, are satisfactorily reproduced, indicating tha&t #itidic Na-CIl-S@liquids
of Miravalles are likely produced through interactiof neutral Na-Cl waters with
volcanic rocks affected by advanced argillic alieraas suggested by Fournier (1993).
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Although the general conceptual geochemical moftitleohydrothermal systems
with close volcanic-magmatic association (Giggehbad®88, 1997a; Reed, 1997) is not
weakened by these new findings, they indicatetti@acid sulfate-chloride waters are

not exclusively produced through inflow of magmajases into the roots of the
geothermal systems.

Figure 4.4. Activity plots for the systems (a)RaAl,0s-SiO,-H,0 and (c) CaO-
Al,03-SiO-H,0 at 235°C and corresponding water saturation presgso showing the
neutral Na-Cl liquids (circles) and the acidic NeS©D, liquids (squares) of Miravalles.
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5. The chemical classification of waters

The chemical classification of waters is esseffitiah correct utilization of
geochemical techniques, which can be confidentplieg only to particular kinds of
fluids with limited ranges of composition, refleagi the environment of provenance.

For instance, most ionic solute geothermometers liglow) can be applied only
to the samples representative of water-rock equilib at depth. This assumption is
usually fulfilled for neutral sodium-chloride waseonly. Therefore these samples have
to be properly identified and selected. Furthermpossible phenomena affecting the
original characteristics of sodium-chloride watgéns., addition of cold, shallow
groundwaters, boiling, dissolution or precipitatmimineral phases) have to be
recognized and evaluated.

The chemical classification of waters can be carmofollowing different
techniques, some of which are listed below.

5.1. The Schoeller plot
It displays the log contents of several constitsiéor each water sample; these
values are connected with a line, whose shape sléow'eyeball” comparison of the
different waters plotted.
As an example, in Fig. 5.1 thermal waters exhilghbr concentrations of Li,
Na, K, F, Cl, SQand B, than cold waters, which have higher costehivig and Ca.
Bicarbonate is similar in cold and thermal waters.

Fig. 5.1 The Schoeller plot of hot and cold wateosf San Ignacio, Honduras (from
Truesdell, 1991b)

Because logarithmic values are used, a wide rahgentents can be arranged in
this plot. The effect of mixing with dilute waters aell as gain or loss of steam, is to
move the line representing a sample vertically authchanging its shape.

The main disadvantage of this procedure is thanwhany samples are
represented on the same plot, individual patterasost.

5.2. The CI-S@HCO; triangular plot

The CI-SQ-HCOQO; triangular plot is used for an initial classificat of geothermal
water samples (Giggenbach, 1988; Giggenbach and&halP89). The position of a
data point in this plot is obtained by first caktirhg the sun®,, of the concentrations
Ci (in mg/kg) of all three species involved:
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San= Coi + Csosat+ Chcos (5.1)

Then the percentages of chloride, %ClI, and bicarleogdHCQ, are evaluated
according to:

1OO>CCI

%Cl = (5.2)

an

100:C,,
%HCO, = ——— 2 (5.3)

an

In this plot (Fig. 5.2) are indicated the compasitil ranges for the different kinds of
waters typically found in geothermal areas (seent@ data in Table 1), such as:
(1) mature NaCl waters of neutral pH, which are riciClrand plot near the ClI
vertex;
(2) Na-HCG; waters, here indicated as peripheral waters
(3) volcanic and steam-heated waters, generated thiaoggrption into
groundwater of either high-temperature, HCIl-beavialganic gases or lower-
temperature b5-bearing geothermal vapors.

Fig. 5.2 Relative Cl, Spand HCQ contents (on weight basis) for different kinds of
waters typically found in geothermal areas (chehde#a in Table 1); squares = acid
sulfate waters; diamonds = bicarbonate waterstes¥cneutral chloride waters.

The advantages of this diagram are:
- the three main anion are plotted separately ertiee vertices of the plot;

- mixing lines are straight lines;
- all available samples can be plotted; groupingsteends can be evaluated.
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Its limitations are:
- relative ratios between Cl, 3@nd HCQ are displayed; the content of each
species relative to water is obliterated in thist;pl
- apparent correlations may be accidental; cormglathave to be checked by means
of additional independent data.

5.3. The Langelier-Ludwig square diagram

This diagram is a sort of square version of theenpmpular diamond-shaped
Piper plot. The position of a sample in the Langédliedwig (or LL) plot is obtained by
first calculating the sum of main aniot®,, and of main cation§.a, by means of the
following equations:

San= &+ 6047+ &ico3 (5.4)

Scat= @at @ug T &Nat &, (5.5)

where erefer to the concentration of the i-th componergd/l or meqg/l. Then the
percentages of each cation, e.g., Na, and each,anm, Cl, are evaluated according to:

50%e,,

%Na = (5.6)

cat

100> € |

%Cl = (5.7)

an

Suitable groupings of cations and anions are salg@spection of correlation
coefficients may be useful) and plotted as pergagaGenerally %Na is grouped with
%K and plotted on the Y-axis, while the sum % H@s %SQ is plotted on the X-
axis. In such a diagram %Ca+%Mg and %Cl are alsmlfby the following equations:

%Cat+%Mg = 50 - (%Na + %K) (5.8)
%Cl =50 - (%HCQ+ % SQ) . (5.9)

In principle, the fusion of HC®and SQ into a unique variable does not help water
classification. In practice, the different kindsvediters typically found in geothermal
areas (i.e., neutral chloride waters, acid sulfaters, and bicarbonate waters) are
generally found in distinct parts of this diagrafmg( 5.3), due to the prevalence of Na
in bicarbonate waters and of alkali-earth metalsdia sulfate waters.
The identification of peculiar chemical types of @ratis often improved by changing
the groupings of anions and cations. For instance:
- plotting the sum %Na+%K+%Mg against % Hglaelps to identify cold, low-
salinity calcium bicarbonate waters circulatindimestones;
- plotting the sum %Na+%K+%Ca against % HC@Ips to identify cold, low-
salinity magnesium bicarbonate waters typicallgioating by interaction with
mafic and ultramafic rocks;
- plotting the sum %Na+%K+%Mg against % HEO%CI helps to identify cold,
calcium sulfate waters produced by interaction \ggpsum and/or anhydrite.
The advantages of this diagram are:
- mixing lines are straight lines;
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- all available samples can be plotted; groupingdjtaends can be evaluated;

- the vertices display the composition of saltspr in nature, e.g., calcite,
anhydrite, halite, ...; dissolution or precipitatiof these salts are suggested by
trends mowing towards or away from the pertinemtexe

Fig. 5.3 Square Langelier-Ludwig diagram showing different kinds of waters
typically found in geothermal areas (chemical dathable 1); squares = acid sulfate
waters; diamonds = bicarbonate waters; circlestrakchloride waters.

Fig. 5.4 @a+ & + & VS. @a+ eyg + 604+ Bycoszcorrelation plot with isosalinity lines
for different kinds of waters typically found in@ermal areas (chemical data in Table
1); squares = acid sulfate waters; diamonds = baraate waters; circles= neutral
chloride waters.. Most waters fall in the shadesharear the origin. The diagram is
equivalent to the triangular cross-section of theplytamid sketched on the top right.
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Its limitations are:
- both anions and cations must be grouped; thefusems of species obliterates
any information carried out by individual species;
- relative ratios are displayed; the content ohegmecies relative to water is also
obliterated in this plot;
- apparent correlations may be accidental; cormglathave to be checked by means
of additional independent data.
According to Tonani (unpublished reports) the squarelot represents the base of a
compositional pyramid whose edges are the cheroaradentrations, in eq/l or meqg/I,
and whose axis express the total ionic salinitys(Tih the same unit).

The triangular cross-sections of this pyramid altove to recover the information
provided by TIS. Some of these cross-sectionsguievalent to peculiar binary
correlation plots. For instance, referring to tlyegnid whose base is the above
mentioned %Na + %K vs. % HG® %SQ, square LL plot, it can be demonstrated that:
the cross-sections of this pyramid, whose tratkedasliagonal connecting the vertex
X=0, Y =50 with the vertex X =50, Y = 0 of theusge LL plot, is equivalent to the£
+ & + &) VS. &a+ Bug + Bs04+ Bicosdiagram;
the cross-sections of this pyramid, whose tratleasliagonal connecting the vertex X =
0, Y = 0 with the vertex X = 50, Y = 50 of the sgai&L plot, is equivalent to the-g+
Evg T &I VS. Qa+ & + 604+ 4cozdiagram;
the cross-section of this pyramid, whose tracellgdsdahe X-axis of the square LL plot,
is equivalent to thegvs. gos+ eycoszdiagram,;
the cross-section of this pyramid, whose tracellgdsdhe Y-axis of the square LL plot,
IS equivalent to thegg+ aug VS. &a + & diagram.

In these cross-sections the lines with slope -isa®alinity lines; in the latter two
cross-sections isosalinity lines refer to TIS/2.

5.4. Principal Component Analysis (PCA)

In general, chemical variables are intercorrelabed these correlations are not
easily discernible and raw data are thereforedaiiffito be interpreted. The purpose of
PCA is to reduce the chemical variables to a smaéeof principal components (PC's).
PC's group together correlated chemical variabtéstlaey can be, therefore, associated
with sources or processes, i.e., they are inteaplet

The mathematics of PCA is beyond the scope otattes presentation, and the
reader is referred to Davis (1986) for further deta

First, chemical variables are standardized, satiigthe average and dividing by
the standard deviation. The standardized varialllebave therefore average equal to
zero and standard deviation equal to 1. They hawsdime "weight" in the subsequent
procedure.

The PCA then expresses thetandardized variables in termsolPC's, which
are linear combination of the standardized varsleat is:

PG=aZitaltaxlst..+aZ (5.10)
PG=bZi+p Zo+ b3 Zz+ ... + h Z,
PG=caZ1+6Z2+cZ3+..+6Z,
PG=mZi+mZo+mngls+..+mnZ

the coefficients 8 &, a, a... i, Ny, Mg, N, are calledoadings They are a measure of
the extent to which each chemical variable contebio a given PC. Loadings have
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values between +1 and -1. Loadings are the keytéogret PC's. PCA is carried out in
such a way that each new PC is much efficient asiple in terms of accounting for the
total variance. When the PC's have been calculated all the original vagamitl be
accounted for.

When PCA is applied to a set of water analysea® faqgiven area, taking into
account the seven main dissolved constituents Ga.Mg, Na, K, HC@ SQ, Cl),
few PC's (sometimes only two) are generally sudhitito explain a significant
proportion of the total variance. The correlatioatdetween these PC's often looks
very similar to one cross-section of the L-L coniposal pyramid, substantiating the
water classification carried out in a deterministey.
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6. Mixing and boiling

Before discussing the influence of mixing and Imgjlprocesses on geothermal
liquids, it is convenient to clarify what is the ameng of mobile and compatible
dissolved constituents.

6.1. Mobile and compatible dissolved constituents
Dissolved constituents may be subdivided into tmajor groups according to
their behavior:
- mobileor conservativeonstituents are those whose activity is not kchiby
saturation with respect to a solid or a gas pham®paratively mobile constituents
in geothermal waters (and in most natural watemsedl are Cl, Br, B and, to some
extent, Li, Rb and Cs as well; once they have laeleled to a geothermal water
through a complex history, their contents alongupow path are changed only
by mixing and steam loss;
- compatibleconstituents are those whose activity is contdollg saturation with
respect to a solid or a gas phase; they equililbnader reservoir conditions and
may respond to termochemical changes along thewpgath of the geothermal
water; Ca, Mg, Na, K, HC® SQ, F, SiQ,.. usually have compatible behavior in
geothermal environments.
The limits between these two groups are not absdiutéenstance Cs is mobile at
temperatures > 250°C, but it is taken up in hyd¥otial zeolites at lower temperatures.
Also the other rare alkalies are not truly mobi@stituents, since Rb is incorporated in
K-bearing alteration minerals (e.g., illite) alrgaat temperatures > 300°C and Li enters
authigenic quartz and chlorite (Goguel, 1983; Gidigeeh and Goguel, 1989). Boric
acid distributes between steam and liquid phasggoglly at high temperature
(Tonani, 1970).

6.2. Correlation plots of dissolved constituentssies chloride

Chloride has mobile behavior in most natural wat8eguration with respect to
halite, which determines a compatible behaviorhdéigde, is in fact attained only in
very peculiar natural environments. Therefore chmigan be confidently used as the
mobile species of reference to investigate the Wiehaf other dissolved constituents.

Fig. 6.1 Boron vs. chloride plots for the hot sgarof Platanares, Honduras (left, from
Janik et al., 1991) and those of San Marcos, Guate(right, from Marini et al., 1998).

Such an investigation is conveniently carried gqutrteans of binary diagrams, where
each chemical species of interest is plotted agahieride. These diagrams are
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particularly useful to detect mixing and boilingppesses. Water points moves away

from the origin of the axis (which is representatof pure water, i.e., of separated

steam) due to boiling. Binary mixing causes, ingtéight linear trends linking the

geothermal endmember and the cold endmember. HowéaeCl-poor water mixes

with a Cl-rich geothermal water whose chemistrgasrly constrained, the effects of

mixing are very similar to and not easily discelaitsom boiling effects (Fig. 6.1).
The enthalpy vs. chloride plot is very useful irstrespect.

6.3. Enthalpy vs. chloride plot

The use of enthalpy vs. chloride plots is thoroygh$cussed by Fournier (1979a)
and references therein. The enthalpy vs. chlorideipa suitable tool to distinguish the
effects of boiling and mixing, since both steam aaldl waters, which generally have
low chloride contents, are characterized by veffgdint enthalpy values.

Fig. 6.2 Enthalpy vs. chloride plot showing the efféeof boiling and dilution on a
geothermal aquifer liquid at 265°C (from Henleyakf 1984).

The enthalpy - chloride plot of Fig. 6.2 shows thailing (steam loss) moves the
liquid from the point representative of the 265%bthermal liquid towards higher
chloride contents and lower enthalpies, whereagiadaf cold, dilute waters
determine a decrease in both enthalpy and chloride.

If a deep hot water is cooled mainly through cartide heat loss, its enthalpy
decreases but its chloride concentration remainkamged.

6.4. Two-components mixing equations for conservatconstituents

In a binary mixture the concentrationy Mf any conservative constituent is given
by the following equation:

Cu=Cax+GCG(1-x) (6.1)
where subscripts A and B refer to the two endmemaéed x is the weight fraction of

endmember A in the mixture. If mixing occurs withdéass or gain of heat, then the
following relationship holds true:

Hom =Hoa X+ Hg (1-X) (6.2)

29



where H stands for the specific enthalpy of liquid water.

6.5. Boiling equations for non-volatile constituest
Two limiting mechanisms of boiling (steam separgticem be recognized:
(1) single-step (or closed-system) separatitie steam, continuously produced by
decompression of the uprising liquid, remains intaot and in equilibrium with the
liquid until it is separated in a unique separageent;
(2) continuous (or open-system or Rayleigh) separatioe steam is continuously
separated from the liquid as soon as it forms.
An infinite number of intermediate mechanisms castethey are characterized by a
finite number of separation stepau(ti-step separation
It is assumed that steam is separated in a sstgjeat pressure P. The
concentration, G of any constituent, which does not enter thenstphase, at
separation pressure P is fixed by the followingtiehship:

CO

C =
L 1_y

(6.3)

where G is the concentration of that constituent in thepdeater and y is the steam
fraction. If boiling is isoenthalpic, which is aalestic assumption for the irreversible
adiabatic processes taking place in geothermabkvaekl high-flow rate natural
geothermal manifestations, y can be obtained bywsegthe following isoenthalpic
balance:

Ho=HL(1-y)+H vy, (6.4)
which can be rearranged to give:

H -H
R H, 65)
VoL

where H indicates the specific enthalpy of the ggetphase and subscript V stands for
vapor. Since water is by far the major constitudrgeothermal fluids, the specific
enthalpies of pure water (tabulated by Keenan.e1869) are generally used in these
calculations. However, if the aqueous solutiondaslatively high salinity (NaCl > 5
wit%), specific enthalpies of the liquid and vapbages differ significantly from those

of pure water and should be suitably computed,(Biggman, 1977).

6.6. Boiling equations for volatile constituents

When steam separation takes place, the less sajakks (e.g. INH,, CH,;, and
CO) enter preferentially the vapor phase, whilerttuee soluble gases (GQH.,S, and
NH3) are retained in part in the liquid phase. Earlgora are richer in gas, especially in
the low-solubility constituents, whereas late vaparne relatively gas-poor and contain
preferentially high-solubility constituents.

The kind of separation mechanism, either singlp;stentinuous or multi-step,
has a dramatic influence on the composition ofstéfgarated vapor.

The distribution of gases between liquid and vapaonveniently expressed by
the gas distribution coefficient,,Bvhich is defined as the ratio between the
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concentration of gas j in the vapor phase and ¢ineentration of the same gas in the
liquid phase:

n.
J
n X.
Bj =—HZO v :& (@)_J’V (66)
n, C. X,
Mo |

where n indicates the number of moles and X theerfrattion; the latter may be used
at low gas concentration without any significamber

Giggenbach (1980) derived the following regressiqnations (which are valid from
100 to 340°C) for most gas constituents of geotlémterest:

log Bus = 1.4113 - .00292 t (6.7)
log Bros = 4.0547 - .00981 t (6.8)
log Beoz = 4.7593 - .01092 t (6.9)
log Bepa = 6.0783 - .01383 t (6.10)
log By, =6.2283-.01403 t (6.11)
log By, = 6.4426 - .01416't (6.12)

where t is the temperature in °C. Bertrami et #86) obtained the following
temperature dependence for CO:

log Bco=6.3173 - .01388 t. (6.13)

It should be noted that the logarithm of the dmttion coefficient varies linearly with
temperature (Fig. 6.3), while the temperature ddpeoe of the Henry’'s Law constant
is far from linear (Fig. 6.4). Fig. 6.4 shows alkat gas solubility is a function of the
salt content.

If steam is separated in a single step, the cdratens of any volatile constituent
at separation pressure P, in the liquid phasea@d in the vapor phasey Gre linked
to the concentration in the initial liquidoCby the following mass balance:

Co=CG(1-y)+Gy. (6.14)

This is equal to equation (3.1), which we used altowcalculate the composition of the
single liquid phase under reservoir conditionsvédfare interested in calculating the
concentration of gases in the vapor phase, thewallg expression is obtained by
substituting equation (6.6) in (6.14):

c - B>CO

= O 6.15
Vo 1-y+y<B (6.15)
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Fig. 6.3. Temperature dependence of the vapordidigtribution coefficient for
different gases (from Giggenbach, 1980).

Fig. 6.4 Values of the Henry's Law constant for G®water and in 0.5 NaCl solution
(data from Ellis and Golding, 1963).

In multi-step separation the composition of thecesl liquid at any step may be taken
to be representative of that of the initial liqwiithe subsequent step. If a large number
of steps is taken, and each step is characterizedry small, constant steam fractions,
then the continuous separation mechanism is setiisity approached.

The influence of steam separation processes onayagosition is suitably
displayed in triangular plots, such as th®HCO,-H,S, HO-CO,-N, and HO-CO»-
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CH, plots (Fig. 6.5). Let us recall that$&lis more soluble than G@nd that CQis
more soluble than both,Nind CH, which have similar solubility.

In single-step separation, early vapors are dloslee vertex of the least soluble
gas, i.e., CQin (a), Nin (b), and CHin (c), while later vapors move towards thgCH
vertex and get progressively close to the compositi the initial liquid (which
obviously limits the process). The trend bendshlygtowards the vertex of the most
soluble gas, i.e., ¥ in (a) and C&in (b) and (c). Multi-step separation (not shows) i
outlined by a compositional trend that moves towdhe vertex of kD, bending
strongly towards the vertex of of the most soludas.

Fig. 6.5 Triangular plots (a) #-C0O,-H,S, (b) HO-CO,-N,, and (c) HO-CO,-CH,4 for
the fluids discharges by the Nisyros fumaroles eGeg also showing the theoretical

curves of single-step steam separation from thglesiiquid phase in equilibrium with
samples 6 and 7 (from Chiodini et al., 1993a).
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7. Hydrothermal alteration minerals in high-temperature geothermal systems

Several geochemical methods are based on therships between
hydrothermal alteration minerals occurring in highaperature geothermal systems and
fluids circulating within these systems. These radthinclude not only the popular
chemical geothermometers and other techniquesifagos water-rock interaction (or
mineral-solution equilibrium), but also the evalaatof irreversible mass transfer
taking place during water-rock interaction (Helgest968; Helgeson et al., 1969;
1970), which represents a powerful tool to recartstthe origin of geothermal fluids
(Helgeson, 1979; Reed, 1997; Marini et al., 20@&le, section 4.4.1).

Therefore, knowledge of hydrothermal alteratiomenalogy developing in high-
temperature geothermal systems is of upmost impoetéor fluid geochemistry.

Luckily, hydrothermal alteration minerals, whiclegresent within the cuttings and the
less frequent cores collected during drilling, hbeen the subject of many
investigations (e.g., Browne, 1970, 1977, 1982;|tHetal., 1987; Steiner, 1977).

Browne (1970), studying the Broadlands geotherme&d ,fNew Zealand,
pointed out that some hydrothermal minerals (@yite, calcite, and quartz) are of
little use for evaluating deep temperatures anchpabilities. The reason for this is that
these minerals are stable over large temperattesvais. He found that the most
informative minerals are the authigenic feldspatsich are sensitive to both
temperature and permeability. At Broadlands, thetraommon primary feldspar
mineral is andesine and it is altered to quartzy,atalcite, albite, or adularia at
temperatures of 70-290°C, depending on permeabilityite replaces andesine above
230°C. Production zones contain abundant adulassqciated with quartz and calcite.

Browne (1977) described 51 hydrothermal minergtécht of active geothermal
systems, whose occurrence depends on severaldastwh as temperature, pressure,
fluid composition, and permeability. For instanepidote is an indicator of high
temperature, whereas adularia, again, indicatdstigh temperature and high
permeability.

Although the sequence of alteration minerals vdr@as system to system, there
is a general relationship between hydrothermatatiten minerals and temperature
ranges, as summarized by Henley and Ellis (1988;FIL). The same mineral
parageneses were also recognized in fossil geo#haystems, i.e., in hydrothermal ore
deposits.

Figure 7.1 does not report the mineral phases wiichs in near-surface steam-
heated zones, where acid-sulfate waters are prddhosugh absorption of 4$-bearing
vapors in shallow groundwaters or surface watetk\iied by oxidation, driven by
atmospheric oxygen, of43 to sulfuric acid. Interaction of these acidiauimins with
rocks determines the formation of kaolinite, alendgypsum, opal, and hydrated iron
oxides (Steiner, 1977). These are the typical ghakthe so-calleddvanced argillic
alteration.

Among the minerals reported in Fig. 7.1, only dquacalcite, adularia, and albite
can be considered as relatively pure phases. Sewararals (e.g., epidote and
chlorites) exhibit, instead, compositional chandes to solid phase mixing. Further
complications are due to the development of mies@d minerals, such as those
involving clays and chlorites. Moreover, chlorissw a transition, with increasing
temperature, from swelling chlorites through misegeklling and non-swelling chlorites
to non-swelling chlorites, as indicated in Fig..7.1

In spite of these complications, the geothermalesys explored through deep
drilling have shown a thermal zoning of the hydesthal alteration mineralogy, which
has led to the identification of the following hptnermal alteration zones.

34



Fig. 7.1. Temperature ranges for typical hydrotharatteration minerals. Solid and
dashed bars indicate the most and less frequepetature ranges of occurrence,
respectively (from Henley and Ellis, 1983).

The shallowest zone is tlaegillic zone, which is characterized by the presence
of montmorillonite, eventually accompanied by dlichlorites and low-temperature
zeolites (e.g., heulandite, stilbite). This zoneeadeps up to temperatures of 150-160°C,
above which montmorillonite becomes unstable.

The strong increase in chlorite and illite contearid the appearance of mixed-
layer clays characterize the transition tohgllitic zone, also termed illite-chlorite
zone, which develops up to temperatures close @280°C. The zeolite mineral
typical of this zone is laumontite.

The following zone, calledropylitic zone or zone of Ca-Al-silicates, is
characterized by the presence of secondary minevhlsh are close to equilibrium
with neutral, sodium-chloride aqueous solution.sTzone develops up to temperatures
of 300°C. Epidote, the most typical mineral, caartsto form in small amounts within
the phyllitic zone, but it becomes abundant inghapylitic zone. Epidote is usually
accompanied by abundant adularia, albite, anddgutfiinerals (e.g., pyrite, pyrrhotite,
and sphalerite). The zeolite mineral typical osthone is wairakite. Chlorite and illite
are also stable within this zone, but are less ddinthan in the phyllitic zone.

The deepest zone is ttieermo-metamorphic zone which is characterized by
remarkable textural re-organizations of the oripithotypes and by the appearance of
high-temperature mineral phases, such as amphifmkgs actinolite and tremolite),
pyroxenes (e.g., diopside), biotite, and garnets.

It must be underscored that the rocks affectedrgilic and phyllitic alterations
are characterized by extremely low permeabilityfalet, the minerals typical of these
two zones behave plastically under mechanic stidsefore, these two zones
constitute the cover (or cap-rock) of the geothésystem. The hydrothermal minerals
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of the propylitic and thermo-metamorphic zones kithinstead brittle behavior,
permitting the development of fractures, whichahigh permeability pathways for
geothermal fluids. Therefore these two hydrotherattgration zones mark the
geothermal reservoirs.

On this thermal zoning of the hydrothermal alteramineralogy are based the
petrographic logs, which are generally carrieddwing deep geothermal drillings.

36



8. Geothermometric methods for geothermal waters

8.1. Introduction

Geothermometers ang¢&-indicators (also called geobarometers) are redbtiv
simple functions in which one plugs in the chemuatia of hydrothermal fluid samples
to compute the equilibrium temperature ardfrespectively, that are presumably
present in the zones where these hydrothermal $lamdples are thought to have
attained chemical equilibrium.

Water partial pressure is usually assumed to bstined by coexistence of
liquid and vapor phases (saturation). Total fluidgsure is then obtained by summing
Pcoz and R0, as HO and CQ are generally the two major constituents of
hydrothermal fluids.

The basic assumptions of geothermometry and geoledry are:

(1) chemical equilibrium is attained in the resérvoultiphase system, which is
generally constituted by hydrothermal (secondany)enals, the aqueous solution, and
eventually a separated gas phase (as already oodsitsn section 3.1.2, the latter is
generally called vapor phase, due to the prevaleheaater vapor);

(2) the sample collected at the surface (from adti@¢rmal manifestation such as a
thermal spring or a fumarole) is fully represematf the hydrothermal fluid present
into the reservoir.

Hypothesis (2) is not always satisfied. The palsulrothermal liquid, during the
ascent towards the surface, either mixes with givalVaters or separates a vapor phase
or precipitates some mineral phases or re-equiébrat decreasing temperatures. The
hydrothermal vapor, either present into the hydrotial reservoir or produced through
boiling (steam separation) of the parent hydrottaiiquid, experiences secondary
processes such as steam condensation and ainemérdiat shallow levels. It is rather
obvious that we have to model the effects of tlses®ndary processes for a correct
application of geothermometric and geobarometabneyues.

Most geothermometers, including the Na-K and sijjeathermometers were
initially derived on a purely empirical basis. Loago, geochemists observed a general
decrease in Na/K ratio and a general increaseOn &ncentration of thermal waters
with increasing temperatures and based the fisthgemometers on these empirical
correlations. Studies of hydrothermal alteratiomenalogy developing in high-
temperature hydrothermal systems (e.g., BrowneQY1@nd modeling of the mineral-
solution equilibria and of the irreversible masssfer taking place during water-rock
interaction (see sections 7 and 4.4.1) suggestdjfothermometers are governed by
equilibrium reactions between hydrothermal mineaald the aqueous solution under
reservoir conditions. A new generation of geothemawic techniques was
consequently proposed, based on both the solubilit§fferent silica minerals (e.g.,
Fournier and Potter, 1982; Arndrsson et al., 1@88genbach, 1991a) and mineral-
solution exchange reactions. In the latter claggeothermometers it is worth to
mention the Na-K geothermometers of Fournier (192l Arnérsson et al. (1983),
and the Na-K-Mg-Ca geoindicators of Giggenbach 8)9Binally a theoretical
justification for ionic solutes geothermometers &g indicators was found by Guidi
et al. (1990b) and Chiodini et al. (1991a).

For what concerns gas equilibria, a great contiobuvas given by Giggenbach
(1980), who introduced vapor-liquid gas distribatmefficients into equilibrium
relations and demonstrated the importance of amdit or removal from equilibrium
liquids of equilibrium vapors. The approach of Gegghach (1980) was adapted to
fumarolic gas discharges by Chiodini and Marini98p Besides, a geothermometric
function based on the HAr ratio was proposed by Giggenbach (1991a), who
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hypothesized that Ar is present in hydrothermad#un relative contents close to those
of air-saturated groundwater. Following a similpp@ach, a C@N, geothermometer
was earlier suggested by Arnorsson (1987).

The purpose of this section is to review the nggathermometers an@ &
indicators, trying to emphasize advantages anddirons and to give practical hints to
the user.

8.2. The silica geothermometers

The solubilities of all silica minerals increasetwincreasing temperature.
Plotting the logarithm of dissolved silica vershe tnverse of the absolute temperature,
the data for several silica minerals (quartz, ab@dny,a-cristobalite, opal-CT, and
amorphous silica) lie along straight lines in tile250 °C range, even in the residual
water after single-step steam separation at 108 {G@aximum steam loss (Fig. 8.1).

Fig. 8.1. Solubility of several silica mineralsvirater at the vapor pressure of the
solution (from Fournier, 1973, 1991). Also showa Hre deep Na-Cl geothermal
liquids of Miravalles, Costa Rica (Marini et alQ@3b) and the Na-Cl thermal springs of
San Marcos, Guatemala (Marini et al., 1998).

The equations of these straight lines are as fallavhere Si@indicates silica
concentration in mg/kg (from Fournier, 1973, 1991):

T(°C) = 1309 —— - 27315, for quartz; (8.1)
519- log(SiO,)
o 1522 . _
T(°C) = y - 27315, for quartz (maximum steam loss); (8.2)
5.75- 1og(Si0O,)
T(°C) = 1032 - 27315, for chalcedony; (8.3)

" 469- log(SiO,)
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T(°C) = , - 27315, for a-cristobalite; (8.4)
478- |Og(SIOZ)
T(°C) = 781 ——- 27315, for opal-CT, (8.5)
451- log(SiO,)
. 731 .
T(°C) - 27315, for amorphous silica. (8.6)

" 452- log(SiO,)

The rate of quartz dissolution / precipitation degsestrongly on temperature
and is relatively fast at high temperatures ang g&w at low temperature (Rimstidt
and Barnes, 1980). This explains why: (1) in thetlyeonal reservoirs of constant, high
temperature (generally > 180°C), liquids attaiusgtton with respect to quartz, after
relatively long water-rock interaction (e.qg., thesegp Na-Cl geothermal liquids of
Miravalles, Costa Rica, in Fig. 8.1) and (2) littlssolved silica polymerizes and
precipitates during the relatively fast ascentedtgermal waters, even though
saturation with respect to quartz is largely exeeled®n the other hand, amorphous
silica precipitates relatively fast when saturatidgth respect to it is exceeded, although
the lack of solubility and polymerization data gthtemperatures, pH and in multi-
component solutions limits the understanding of grhous silica behavior (Chan,
1989). As a matter of fact, amorphous silica saitbmgposes an upper limit on the silica
concentrations attainable in many natural aqueousa@ments (e.g., the Na-Cl
thermal springs of San Marcos, Guatemala, in Ei. 8

Below 300 °C and depths of some km, variationsyuirbstatic pressure have
small influence on the solubilities of quartz amdogphous silica (Fournier and Potter,
1982; Fournier and Rowe, 1977). The effects of adadtd are significant only for
concentrations greater than 2-3 wt% approximatdigréhall, 1980; Chen and
Marshall, 1982; Fleming and Crerar, 1982; Fouraret Marshall, 1983; Fournier,
1985). However, above 300°C small variations irspuee and salinity becomes very
important.

Since the pK of the dissociation of silicic acid:

H4SiOs° = H + HsSiO4 (87)

varies between 10.3 and 8.8, in the 0-350°C raRme 8.2), the solubility of silica is
also affected by pH, for pH values above 7.8-9¢pemding on temperature. Besides,
for pH < 2.5, acid-driven dissolution of Al-siliest may control dissolved silica at
concentrations greater than solubilities of quartd chalcedony, particularly for
temperatures < 100-150 °C (Fournier, 1991). Howesiace the pH of geothermal
reservoir liquids is generally constrained at valag5-7 by water-rock reactions,
corrections for pH-effects are rarely needed intlggronometric calculations.

For all these reasons, dissolved silica in solstioinnear neutral pH from
geothermal wells is a reliable geothermometer. Tkerpretation of dissolved silica
from hot springs is somewhat ambiguous becausedc#rtainties about the mineral
controlling dissolved silica and the amount of stgaossibly separated (Fournier,
1991).

8.2.1. The temperature dependence of isocoulorehictions
At this point, it is useful to make a digressiontba temperature dependence of the
dissociation constant of silicic acid. The pK — 1/T ¢(&lation is far from linear (Fig.
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8.2a) because reaction (8.7) is not isocoulombicisdcoulombic reaction has the same
number of ionic species having the same chargeaon sde.

Fig. 8.2 Temperature dependence of the pK of (ajitieec acid dissociation (reaction
8.7) and (b) the silicic acid neutralization (react8.8), based on different experimental
data (from Fleming and Crerar, 1982 and referetioa®in).

Reaction (8.7) does not satisfy this condition,ibaain be transformed into an
isocoulombic reaction by summing the reaction gbagation of hydrogen ion and
hydroxyl ion to give water, thus obtaining:

H4SiO,° + OH = H3SiO4 + H.0. (88)

It is known that the reaction heat capad{y°;, of isocoulombic reactions is
close to zero (Anderson and Crerar, 1993). Thisigsghat the enthalpy of
isocoulombic reactions is nearly constant, indepahdf temperature, since the
following relation holds:

o) ey 8.9)

1T

P

To gain more insights on this matter let us re¢edl\tan’t Hoff equation:

T, o
iRz = PHrgr (8.10)
K, . RT

which is easily integrated BH°®, is a constant, independent of temperature. The
integrated result is:

DH; i ) i
230R T, T,

- logK, =- logK, + (8.11)

Subscript 1 usually refers to the reference tentpezxaf 25°C. If this expression is
obeyed, a straight line of slopdH°, / 2.303 R] and intercept [log:& (DH® / 4.576
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T1)] is obtained in a plot of log K versus 1/T(K). Tlveearity in such a plot is evidence
thatDH°; is a constant, independent of temperature. Asag&gddor isocoulombic
reactions, linearity is observed in Fig. 8.2b. daitally, the slope of this plot allows
one to evaluate the value ODA°,, which turns out to be -15022.303" 1.987165 = -
6874 cal/mol.

Reuvisiting Fig. 8.1 in the light of the insightsigad so far, it is evident that the
linear relation between log Si@nd 1/T for all the silica geothermometers is duthé
fact that they refer to isocoulombic reactionshaf type:

SiOz(s) = SiOz(aq), (8.12)

where SiQ) is a solid phase of silica (either quartz, or cedbny, om-cristobalite, or
opal-CT, or amorphous silica) and i identifies dissolved silica.
We will see that most geothermometers relate tooslombic reactions as well.

8.2.2. More on the quartz geothermometer
Irrespective of these findings, Fournier and Pdtt882) proposed a mathematically
different formulation of the quartz geothermometer:

T(°C) = -42.198 +0.28831 Si>-3.6686 10 Si0,”
+3.1665 10 SiO,° +77.034log SiO, (8.13)

where SiQ is the silica concentration in mg/kg.

Fig. 8.3 (a) Solubility of quartz in water at thapor pressure of the solution (from
Fournier, 1991). Dots (from Fournier and Potte@2)%are partly connected by a solid
line (equation 8.13) and partly by a dashed limgond the range of applicability of
equation (8.13). Also shown is the geothermomegd¥durnier (1973, equation 8.1).
(b) The quartz geothermometers of Fournier (1978)FRournier and Potter (1982)
(dashed lines) are compared with quartz solulslitieNa-Cl aqueous solutions with
0.51 < Myaci < 4.99 (Ganeyev, 1975; Hemley et al., 1980; Fauret al., 1982) at
temperatures of 200-500°C and pressures of 200-t@a0(triangles).
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Equation (8.13) can be used in the range 20-33Wh&re it closely fits quartz
solubility data in pure water. Linear functionslifT (K), such as equation (8.1), diverge
significantly from equation (8.13) above 250 °CygF8.3a).

However, quartz solubilities measured in aqueouSliiSalutions with 0.51 <
Mnaci < 4.99 (Ganeyev, 1975; Hemley et al., 1980; Fauret al., 1982), at
temperatures of 200-500°C and pressures of 200-baiQ) i.e., above saturation
conditions, lie along equation (8.1) as well (Bd@b). This indicates that changes in
pressure and NaCl concentration have minor eff@tiguartz solubility, which is
mainly governed by temperature (Fournier, 1983nsequently, equation (8.1) can be
safely used as a geothermometer up to temperaitiegdeast 500°C for concentrated
and/or high-pressure aqueous solutions.

The choice of the “best” geothermometric functiopeteds on the characteristics
of the electrolyte solution under study.

8.2.3. The chalcedony geothermometer

Chalcedony is an aggregate of very tiny quartzngtalhese small dimensions
determine large surface energies, which make ctl@atgemore soluble than quartz. At
T > 120-180 °C, chalcedony is unstable in contath wiater and is quickly replaced by
larger-sized quartz crystals. The size of quartingre controlled by several factors:
temperature, time, fluid composition and origirther re-crystallization of amorphous
silica or direct precipitation of quartz. It turaat that in some places quartz controls
dissolved silica at temperaturs as low as 100 8Cinlstance where water has been in
contact with rocks for comparatively long lapsesimie. In other places, chalcedony
governs dissolved silica up to 180 °C, especiallgoartions of geothermal systems
recently affected by fracturing.

Therefore, it is recommendable (Fournier, 1991 aimgute both quartz
temperatures and chalcedony temperatures, beloWw80y means of either equations
(8.1) or (8.13) and (8.3). The latter is quite sanib that derived empirically by
Arnorsson et al. (1983) for chalcedony:

T(°C) = 1112 ——- 27315, (8.14)
491- log(SiO,)

where SiQ is the silica concentration in mg/kg.

8.2.4. The silica vs. enthalpy diagram

Rather than inspecting a table reporting the teatpegs calculated by means of the
silica geothermometers, it is advisable to constand investigate a plot of silica vs.
enthalpy, where both the solubility of quartz atlgeo silica minerals are reported
together with the analyzed waters.

As already noted, most geothermal liquids havaaefitly low salinities, so that
enthalpies of pure water can be used to constnecsitica vs. enthalpy diagram.
Fournier and Potter (1982) have proposed the fatigwelationships to relate the
enthalpies of liquid water (Bl and vapor (k) to temperature (T, in °C), at the vapor
pressure of the solutions, in the temperature r&0ge 340 °C (complete dataset from
Keenan et al., 1969):

H, = 418.84 +10.286 —0.05092 T+2.6309 1¢ T°-6.9303 10 T*
+7.4566 10° T° -1209.8 T +11.99 T°—353.76 logT (8.15)

Hy = 2035 —5.0499 +0.057399 T-3.0426 1d T2 +7.909510 T*
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-8.6968 10° T° +1342.4 T —13.298 T* +396.29 logl (8.16)

From 0 to 50°C, His closely approximated by the following relatibips which must
be used instead of equation (8.15):

H, = 4.1868 T. (8.17)

The solubility of quartz in liquid water at vaporegsure of the solutions is
related to enthalpy (for H< 1670 J/g) by the following function (FournierdaRotter,
1982):

SiO, = -3.5532 +0.146 H-4.927 1¢ H_*+1.2305 16 H,?
—4.9421 18°H.* (8.18)

where SiQ is the silica concentration in mg/kg.
Use of equations (8.15)-(8.18) allows the constomcdf a silica vs. enthalpy diagram
such as that of Fig. 8.4.

Fig. 8.4. Solubility of quartz in water at vapoepsure of the solutions as a function of
enthalpy (from Fournier, 1991).

Relating the solubility of quartz to enthalpy iresdeof temperature has several
advantages.

(1) The solubility of quartz in water (liquid andckatn) is represented by a bell-shaped
symmetrical curve, which reaches a maximum of 7gtkmat 1594 J/g (corresponding
to 340°C) and decreases with a further increasatinalpy. Therefore, at a given
enthalpy, there is only one value of dissolveaaijlwhile at a given temperature there
are two values of dissolved silica, one for theiligand one for the steam (compare Fig.
8.4 with Fig. 8.3a).

(2) If iso-enthalpic boiling occurs (which is a lisic assumption for the irreversible
adiabatic processes taking place in geothermakvaeltl high-flow rate natural
geothermal manifestations), the silica vs. enthalpy allows a quick determination of
the silica concentration and enthalpy of the ihitguid before boiling assuming (a)
single-step steam loss and (b) that dissolvedasicontrolled by quartz solubility.
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Fig. 8.5 Enthapy-silica plot showing that the erplyadnd silica content of the initial
liquids before boiling are given by the interseetaf the quartz solubility curve with
the line joining the steam point at 100°C, 1.018(%3 and the boiled liquids (circles,
data from Marini et al., 1998). Adapted from Foerni1991).

This graphical exercise, shown in Fig. 8.5 for sdoo#ing springs of San Marcos,
Guatemala (Marini et al., 1998), corresponds twesal system constituted by equation
(8.18) rewritten as follows:

SiOs 0= -3.5532 +0.146 b—4.927 10 Hu*+1.2305 10 Ho®
—4.9421 13°Ho*, (8.18a)

the mass balance:

SiQ0=SIGL (1-Y)+SIQvY, (8.19)

and the enthalpic balance (no balance can be wittetemperature):
Ho=HL(1-y)+H vy, (8.20)

where indices O, L, and V refer to the deep waler separated liquid, and the
separated steam and y is the steam fraction. Kateassuming steam separation at
100°C and SiQy = 0, equations (8.19) and (8.20) reduce to

2676- H,

SiO,, =SIO, 795

(8.21)

For La Cimarrona springs with SiQof 545 and 462 mg/kg, dturns out to be 1014
and 958 J/g, corresponding to quartz equilibriumperatures of 235 and 223°C,
respectively. For La Castalia springs with i®@f 196 and 232 mg/kg, dis 715 and
759 J/g, corresponding to quartz equilibrium terapees of 169 and 179°C,
respectively. These temperature values are orgithli smaller than those proposed by
Marini et al. (1998), i.e., 240°C for La Cimarroaad 185°C for La Castalia.
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(3) In a binary mixture, the concentrationy,@f any conservative constituent is given
by equation (6.1). If the two waters mix withous$oor gain of heat, the combined
enthalpies are conserved (neglecting second-offiettg such as the heat of dilution)
in proportions dictated by the enthalpy balanceiéign 6.2). Again, no balance can be
written for temperature. Therefore, under the higpsis stated above, enthalpy can be
treated similar to mass, which makes the silicaenthalpy plot a good tool to
investigated iso-enthalpic mixing. In fact, if isothalpic mixing takes place without
silica precipitation before and after mixing andheut steam loss, this plot can be used
to determine the temperature of the hot-water cerapo(Truesdell and Fournier,
1977): the straight line drawn from the cold endrbenthrough the mixtures to the
intersection with the quartz solubility curve giveg initial silica content and enthalpy
of the hot-water endmember (Fig. 8.6).

Fig. 8.6 Enthapy-silica plot illustrating the amaltion of the silica mixing model
(Truesdell and Fournier, 1977) to the Na-Cl unlabtleermal springs of San Marcos
(data from Marini et al., 1998).

However, if conductive cooling took place, the méel enthalpy of the hot-water
endmember will be too high. This is the case ofNlaeCl unboiled thermal springs of
San Marcos, whose linear regression equation isitiva vs. enthalpy plot intersects
the quartz solubility curve for an enthalpy~df320 J/g, corresponding to a temperature
of 295°C for the hot-water component. This valuesinot make sense for this
geothermal site. However, the eyeball line drawough the springs less affected by
heat loss leads to estimate an enthalpyl®00 J/g for the hot-water component. This
corresponds to a temperature close to 235°C, wdgebes with the results of other
geothermometric methods.

8.3. The ionic solutes geothermometers angbPindicators
8.3.1. The Na-K geothermometer
As already recalled, a general decrease in Nal&sraf thermal waters with increasing

temperatures was observed long ago (White, 19%g;&id Wilson, 1960; Ellis and
Mahon, 1964). The initial attempts to derive, frtmse observations, an empirical Na-
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K geothermometer led to equations (White, 1965sBhd Mahon, 1967) with
relatively small temperature dependences, dueatanttiusion in the data sets of poorly
equilibrated spring waters.

A calibration equation with a higher temperaturpatelence was proposed by
Fournier and Truesdell (1973), evidently becausg thok into account experimental
data on cation exchanges between coexisting NaKdettspars (Orville, 1963;
Hemley, 1967). The relationships proposed lateFiuesdell (1975) and Arnorsson et
al. (1983) did not led to substantial modificati¢krgy. 8.7).

Fig. 8.7. Empirical, theoretical and analytical Klanolal ratios of geothermal liquids as
a function of temperature (from Giggenbach, 1988dified); squares = acid sulfate
waters; diamonds = Na-bicarbonate waters; circte=stral chloride waters.

A step forward was done by Fournier (1979b), wawied out an empirical
calibration based on well-equilibrated water disgea from deep geothermal wells and
oil field brines. In fact, the equation proposedHmurnier (1979b) (concentration in

mg/kg):
1217

T (°C) = - 27315 8.22
v (") 1.483+log(Na/K) (8.22)

closely approach that computed by means of thermardic data of Na- and K-
feldspars (Johnson et al., 1992).

An other empirical relationship, characterizedabslightly steeper temperature
dependence, was suggested by Giggenbach et aB)(&08 Giggenbach (1988)
(concentration in mg/kg):

1390
T (°C) = - 27315, 8.23
e (°C) 175+ log(Na/K) (8.23)

46



again based on well-equilibrated aqueous solutions.

In addition to the empirical formulations of tha{K geothermometer and the
theoretical albite-K-feldspar coexistence, which mapresentative of partial or complete
equilibration with these mineral phases, threezworial lines representative of rock
dissolution (average basalt, average granite, aachge crustal rock) are also given in
Fig. 8.7, together with selected water compositimms molal base (Table 1).

Interestingly, neutral chloride waters from deeptfpermal wells (circles,
T>200°C) and the Na-bicarbonate water from a deephwle of Kizildere (diamond, T
of 210°C) plot close to the theoretical albite-Kdfgpar coexistence suggesting
attainment of mineral-solution equilibrium. Sodidhsprings (circles, T<100°C) have
Na-K equilibrium temperatures equal to or slighdwer than corresponding well
discharges, suggesting that Na/K ratios are esdlgmjuenched at depth. This agrees
with the slow kinetics, below 300°C, of the Na-Kchange between alkali feldspars and
aqueous solutions, as indicated by both experim{@nislle, 1963; Hemley, 1967) and
well discharges, where the Na/K ratio usually reigrates more slowly than the
quartz geothermometer upon temperature changespomse to production (Fournier,
1991). In Fig. 8.7, the Na/K ratio of most acid aratfrom crater lakes (squares) is
consistent with rock dissolution. However the tvaongles from Ruapehu (Ru) and
Popocatepetl (PP) plot above the rock dissolutsgmon, likely due to preferential
leaching of Na or uptake of K in alunite. Sodiunsdybonate spring waters (diamonds)
occupy positions intermediate between rock dissmiuand equilibration, which might
be due to either (i) preferential leaching of Naiptake of K in clays or (ii) attainment
of equilibrium with feldspars at temperatures digantly higher than outlet
temperature.

8.3.2. The K-Mg geothermometer

It was recognized long ago that Mg contents ofrtfawaters are strongly dependent
on temperature, and this relationship was earhipated to equilibration of geothermal
liquids with chlorites (Ellis, 1971) or other Mg-4xéng minerals, e.g., montmorillonites
and saponites. According to Giggenbach (1988)b#tavior of Mg in well-
equilibrated geothermal waters is described byehetions:

0.8 muscovite + 0.2 clinochlore + 5.4 chalcedor/K" =

2.8 K-feldspar + 1.6 water + Mg (8.24)
and
0.8 muscovite + 0.2 clinochlore + 5.4 chalcedor®/Na =
2 albite + 0.8 K-feldspar + 1.6 water + flg (8.25)

The corresponding equilibrium constants are ploite€igs. 8.8 and 8.9, both for
activity of the solid phases equal to 1 and fofedént values of AP = 0.8 log{&covitd
+ 0.2 log(@inochiord 10 take into account the effect of the incorparabf muscovite and
clinochlore into natural illites and chlorites.

The Mg/N& molal ratios of liquids from geothermal wells piose to the
theoretical lines, indicating substantial attainin@&mmineral-solution equilibrium (Fig.
8.8). A similar position is observed for associasdCl spring waters (and some Na-
bicarbonate waters as well), suggesting re-adjustmfemineral-solution equilibrium
upon water ascent towards the surface. A notaldeption is represented by La
Cimarrona spring, Guatemala (Cl), whose Md/Kaio is apparently quenched at a
temperature much higher than outlet temperature.
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The Mg/N& molal ratios of acid waters and some Na-bicart®natters are
largely controlled by rock dissolution of crustatks, indicating that the high Na/K
ratios of Fig. 8.7 (with respect to crustal rockngmsition) are due to uptake of K in
alunite or clays rather than preferential leaclohdjla.

Fig. 8.8 Empirical, theoretical and analytical Mg#nolal ratios of geothermal liquids
as a function of temperature (from Giggenbach, 18&&lified); squares = acid sulfate
waters; diamonds = Na-bicarbonate waters; circte=stral chloride waters.

Also the Mg/K€ molal ratios of liquids from geothermal wells pose to the
theoretical lines, indicating attainment of minesalution equilibrium, whereas
associated springs are shifted to slightly higledues, and have Mg-K equilibrium
temperatures somewhat lower than correspondingdisglharges, suggesting that
Mg/K? ratios are partly quenched at depth (Fig. 8.9).

Figure 8.9 shows that the compositional rangesdf dissolution coincide with
equilibrium compositions in the low to intermedia¢éenperature range. Acid waters plot
either in this range of Mg/Kratios or above, due to precipitation of K-richnenial
phases. Bicarbonate waters plot also close tch#mrétical lines, indicating that the K-
Mg system approaches mineral-solution equilibridurtemperatures as low as 25°C.
This implies a fast response of this system upating.

The Mg/K? ratio represents, therefore, the suitable basia fgeothermometer,
which was, in fact, proposed by Giggenbach etl&l88) and later slightly revised by
Giggenbach (1988), who reported the following epumafconcentrations in mg/kg):

Tkmg (°C) = 44102 - 27315. (8.26)
140- log(K“/Mg)
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Fig. 8.9. Empirical, theoretical and analytical Mgmolal ratios of geothermal liquids
as a function of temperature (from Giggenbach, 188&lified); squares = acid sulfate
waters; diamonds = Na-bicarbonate waters; circte=stral chloride waters.

Combining the fast-responding K-Mg geothermometigh tine slowly re-
equilibrating Na-K geothermometer, by means ofamgular plot, Giggenbach (1988)
suggested an excellent method to assess the degatainment of water-rock
equilibrium (Fig. 8.10).

In this Na-K-Md"? plot, the two systems are presented by two sdteexf of
constant Na/K ratios and K/Mratios, radiating from the M{ vertex and the Na
vertex, respectively. Since at each value of théNatio and K/Md'? ratio corresponds
a unigue temperature value, each of these linas isotherm. The intersections of the
Na-K and K-Mg isotherms, referring to the same terajures, correspond to water
compositions in equilibrium with the mineral phasestrolling both geothermometers
and delineate the so-called “full equilibrium” cetvlrhe compositions of waters
generated through isochemical dissolution of aveagstal rocks, also shown in this
triangular plot, delineate a rock dissolution arehich is well distinct from the “full
equilibrium” curve.

Samples from deep geothermal wells generally piahe full equilibrium curve,
at temperatures slightly higher than those phylsicakasured in these wells.
Corresponding spring waters generally plot beloaftll equilibrium curve and are
shifted towards the M{ vertex, indicating that, upon cooling, Mg acqusitby
thermal waters proceeds faster than Na acquisition.

Some bicarbonate waters indicate attainment ofgb@&quilibrium, whereas other
bicarbonate waters and acid waters are situates ¢tothe MY vertex. These are the
so-called “immature waters”, which provide unrele@bla-K temperatures, whereas
their K-Mg temperatures may still be valid, at lef@s not too acid waters.

This Na-K-Mg"? plot is a powerful tool as it allows:

() the immediate distinction between waters su#aly unsuitable for the application of
ionic solute geothermometers,
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(i) the assessment of deep equilibrium temperatuaed
(iii) the evaluation of re-equilibration and mixiregdfects on a large number of water
samples.

Fig. 10. The Na-K-My? triangular plot (from Giggenbach, 1988, modifiesfjuares =
acid sulfate waters; diamonds = Na-bicarbonate nsatircles= neutral chloride waters.

8.3.3. The Na-K-Ca geothermometer

The Na-K-Ca geothermometer (Fournier and Truesti®l3) is probably the most
popular and used ionic solute geothermometer, adfhat is not a true geothermometer,
as we will see below. The Na-K-Ca function is elyirrmpirical and assumes two
different exchange reactions:

NaysCaye-solid + K = 1/6 C&"+ 2/3 Nd + K-solid, (8.27)
for T>100 °C, and:
Cays-solid + K + 1/3 N&d = 2/3 C&" + KNays-solid (8.28)

for T<100 °C. Fournier and Truesdell (1973) do gigk the temperature dependence of
each of these two separate reactions, but onlfotloeving equation (concentrations in

ppm):

1647

- 27315, (8.29
log(Na/K) +b[log(~/Ca/ Na+ 206] + 247 (8:29)

TNaKCa(c> C) =

whereb=1/3 for waters equilibrating above about 100 °@ lan4/3 for waters
equilibrating below about 100 °C. Howe\st1/3 for waters less than 100°C when log
(Cd’?Na) is negative, with molal concentrations.
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The Na-K-Ca function gives erratic results belovd 2@ due to high partial
pressures of carbon dioxide (Paces, 1975) andetodburrence of exchange reactions
involving also Mg. This led Fournier and Potter {29to propose a quite complex Mg-
correction to the Na-K-Ca function. In additionepipitation of calcite causes an
overestimation of the equilibrium temperature atedi by means of the Na-K-Ca
function.

According to Tonani (1980), the Na-K-Ca geothermatencan be split into three
temperature functions, based on the Na/K/4éa, and CH%K ratios, of which only
two are mutually independent.

Giggenbach (1988) summarized the results of skwemstigations, which were
carried out for providing both theoretical and expental justifications to this
technigue, and concluded that many problems iugleeof the Na-K-Ca
geothermometer are connected with its sensitiaityitferences in the C{contents of
geothermal fluids (see also Chiodini et al., 199&apecially at relatively low
temperatures. Therefore, rather than represertmgasis for a geothermometer, Ca
may be used to formulate gdz-indicator. Actually, Ellis (1970) had already ptad
out that Ca is a potential G@ndicator for thermal waters proposing a technitpue
evaluate deepdd. on the basis of Na and Ca concentrations.

8.3.4. The K-Ca gbrindicator

According to Giggenbach (1988), it is likely thhetinitial CQ contents of deep
geothermal fluids are externally controlled by aate contributions of C&xich
magmatic fluids and C£&poor meteoric waters (see section 2). These flaids
expected to become reactive with respect to thgersion of Ca-Al-silicates to calcite,
which involves the formation of either “acid clays”

Ca-Al-silicate + CQ+ H,O = 2(H-Al-silicate) + calcite (8.30)
or K-mica:
Ca-Ab-silicate + K-feldspar + C&= K-mica + calcite. (8.31)

The temperature dependence of reaction (8.31)sisribed by the following equation
(Giggenbach, 1984;d43.in bar, T in °C)

log Peop= .0168 T - 3.78. (8.32)

The univariant reaction (8.31) involves two consdiits of the full equilibrium mineral
assemblage, K-mica and K-feldspar, and represkatsaicite/Ca-Atsilicate boundary.
For a given temperature, calcite is stable tg.frigher than that given by equation
(8.32), whereas the Ca-Asilicate mineral (either laumontite, epidote orinakite,
depending on temperature) is stable fesFower than that given by equation (8.32).
Arnorsson and Gunnlaugsson (1985) recognized thati® governed, above230 °C,
by a buffer comprising calcite, epidote, prehnite guartz and proposed an empirical
geothermometer that agrees closely with expre{8i@2).

According to Giggenbach (1988), K-mica, K-feldspard calcite are also
involved in the following reaction:

3K-feldspar +C& +COyg) +H20 = K-mica +calcite +6chalcedony +2K  (8.33)
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whose log K is equal to logg&/aca+s) - log Peo2if the solid phases and water are
assumed to be pure. An other interesting propértlyi® reaction is that its equilibrium
constant is practically temperature independentesin the temperature range 50-
300°C, itis equal to either —1.660.15 based on the thermodynamic data of Bowers et
al. (1984) or —1.6% 0.07 (3) based on the thermodynamic data of Johnson et al.
(1992). Therefore the ¥Ca ratio acts as a-Brindicator, as described by the following
equation (Giggenbach, 1988; concentrations in mg/kg

log (K?/Ca) = log Roz + 3.0. (8.34)

A geothermometer adjusting with speed similar & tf the K-Ca Bozindicator is
required to correlate the-p» obtained by means of equation (8.34) with tempeeat

Fig. 8.11. Plot of log (RMg) vs. log (K¥/Ca), used to evaluate thedz of geothermal
liquids. The full equilibrium line and the dissatut lines of basalt, granite and average
crust are also shown (from Giggenbach, 1988, medifisquares = acid sulfate waters;
diamonds = Na-bicarbonate waters; circles= necatrlaride waters.

Assuming that this is the K-Mg geothermometer, @iggach (1988) proposed to
combine the two functions in a graphical method(Bi11) permitting the
determination of both C{xontents and temperature of "last" water-rock lézuum.
The full equilibrium line, expressing coexistendefeldspar, illite, chlorite,
chalcedony and calcite is drawn in Fig. 8.11. Qpattents below it have & higher than
full-equilibrium Pcop, and can promote conversion of Ca-Al-silicatesalzite (reaction
8.31). On the other hand, the data points abdvavié low CQ contents, which drive
this reaction in the opposite direction. All acidters and some bicarbonate springs are
situated below the full equilibrium line and thelremistry, again, appears to be
controlled by rock dissolution rather than by malesolution equilibrium. Equation
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(8.34) cannot be applied to these waters. Evalnatid-o, by use of K-Ca contents is
reliable only for points (either mature chloridetera or bicarbonate waters) plotting
close to the full equilibrium line.

Taking into account Equations (8.26), (8.32), éh84) the full equilibrium
condition can be drawn on the plot of 10 Mg/(10 M@a) vs. 10 K/(10 K + Na) (Fig.
8.12).

Fig. 8.12. Plot of 10 Mg/(10 Mg + Ca) vs. 10 K/(KG+ Na), showing the full
equilibrium curve and the compositions producedulgh isochemical dissolution of
crustal rocks (from Giggenbach, 1988, modifiedyags = acid sulfate waters;
diamonds = Na-bicarbonate waters; circles= necatriaride waters.

In this plot the compositions of mature waters Blorated under temperature,
Pco2 conditions of full equilibrium (equation 8.32) picose to the full equilibrium line
and are clearly separated from the compositiondymed through isochemical
dissolution of crustal rocks, such as basalt, ¢geaamd the average crust (Giggenbach,
1988). Mature waters equilibrated undepfeither higher than those of full
equilibrium (e.g., Kizildere, KZ) or lower than tb® of full equilibrium (e.g., Acqui
Terme, AT) are situated above or below the fullidgrium line, as already recognised
by Chiodini et al. (1993a).

An other useful graphical technique is obtainechisming the two chemical
subsystems responding most quickly and with conipp@igpeed to changes in
temperatures, that is those based on dissolved silid on the #Mg ratio
(Giggenbach, et al., 1994, Fig. 8.13).
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Fig. 8.13. Plot of log(R/Mg) vs. log(SiQ) (from Giggenbach et al., 1994, modified);
squares = acid sulfate waters; diamonds = Na-bicete waters; circles= neutral
chloride waters.

In Figure 8.13, equilibrium silica concentrations iig/kg) are obtained by means
of the equation (Giggenbach et al., 1994):

1000

log(SiO,) = 455- ——— |
9(Si0;) T+27215

(8.35)

whereas equilibrium ¥Mg ratios are computed by means of equation (8 P6¢se two
equations apply if waters cool conductively, witheteam loss or re-equilibration at
decreasing temperatures. The corresponding fullibgum line is labelled
“conductive cooling” in Fig. 8.13. The increaseswiute concentrations caused by
maximum steam separation from equilibrium tempeeato 100°C (or maximum
adiabatic cooling) can be suitably incorporated equations (8.26) and (8.35) by
means of simple mass and enthalpy balances (seéd@ti6.3 and 6.4), obtaining the
following relations (Giggenbach et al., 1994):

1215

log(SiO,), = 512- — =~ | 8.36

9SIO,), T+27215 (8.36)
4630

log(K?*/Mg), =146- ———— . 8.37

o 9 T+27215 (8.37)

The corresponding full-equilibrium line is markeattabatic cooling” in Figure 8.13.
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Most neutral Na-Cl waters and some Na-bicarbonaitens plot close to these
two full-equilibrium lines. However, important desions are also observed, especially
for low-temperature chloride and bicarbonate sgjimpssibly due to loss of silica,
which moves data points downwards, and loss ofwlg¢ch moves data points to the
right. It is therefore difficult to identify the pvailing reason of disequilibrium, in the
lack of additional information. In the case of wiglaui (MA), whose bottom-hole
temperature is 130°C, loss of silica is eviderttly main cause of disequilibrium.
Some Na-bicarbonate waters and some acid waterbkadfewvay between the full
equilibrium line and the amorphous silica line, lpably because aqueous silica
concentrations are controlled by saturation witfiliaa polymorph of intermediate
solubility. Amorphous silica solubility, the mosilgble silica polymorph, represent the
ultimate limit, which is active for some acid water

8.3.5. Other ionic solutes geothermometers

Other ionic solutes geothermometers include:

(i) The Li/Mg"? geothermometer (Kharaka and Mariner, 1989) andLifh&a
geothermometer (Fouillac and Michard, 1981), whgesseral utilization is
guestionable, because of the variable fractiomefLi-endmember in the solid-mixtures
taking part to the exchange reactions governingalyzothermometers.

(i) The Ca/Mg and S@F? geothermometers (Marini et al., 1986; Chiodirglet

1995b), which are specific for waters coming froanbonate-evaporite reservoirs. They
have stimulated the investigation of the influent@n complexing on
geothermometers an@&rindicators, which is considered in the next sectio

8.4. A theoretical investigation of geothermometenrsd P-o-indicators for high-
temperature geothermal liquids

Guidi et al. (1990b) and Chiodini et al. (1991a)astigated the possible
geothermometers angd&r-indicators for aqueous solutions coming from high-
temperature (150-300°C) geothermal systems. Theg asnineral-solution equilibrium
model to calculate the concentrations of dissob@upatible constituents, which are
fixed by equilibrium with a defined mineral assead® at given T, &,and
concentrations of mobile constituents (chlorideyanltheir approach). The mineral-
solution equilibrium model has the same computatfistructure of the model by
Michard et al. (1981) but takes into account tHeat$ of ion complexing. The
following aqueous species are considered in theeindeO°, H', OH, Na', NaCl°,
NaSQ’, NaCQ’, NaF°, NaOH°, R, KCI°, KSQy, KHSQOy°, C&*, CaSQ°, CaCQ?,
CaHCQ', CaF, CaOH, Mg**, MgSQ°, MgCQs°, MgHCO;*, MgF", MgOH",
H,COs°, HCO;5, COs*, SQ7, F, CI, HiSiOs°, H3SiOs, AI(OH)., AI%*, AI(OH)*,
Al(OH),". The model finds the roots of a polynomial equat H" activity, which is
obtained considering: the electroneutrality equmtibe thermodynamic constants of the
dissolution reaction of relevant mineral phasesgaskous C¢) and the
thermodynamic constants of dissociation equilibfiaomplex aqueous species.

In the light of the available information on higbrtperature geothermal systems:

(i) Na', K*, c&*, Mg**, AI(OH)4, HiSiO°, SO, F, and HCQ were chosen as
compatible dissolved species;

(if) the hydrothermal mineral assemblage was asdumbée made up of albite, K-
feldspar, either a Ca-Al-silicate and/or calcitegdnding on thed?y), clinochlore,
muscovite, quartz, anhydrite, and fluorite;

(iif) Pcoz was considered an externally controlled paranfeteg the activity of HCGy
ion.
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The expected composition of the equilibrium aquesmistions was calculated, at
different T, Rozand chloride molalities. The satisfactory agreenbetiveen calculated
and observed contents supports the adopted miseiion equilibrium model.

In the framework of this review, the chemical spé&on of a hydrothermal aqueous
solution in equilibrium with albite, K-feldspar,igbzoisite, calcite, clinochlore,
muscovite, quartz, anhydrite, and fluorite at 25@%d variable CI concentration (from
0.003 to 3 mol/kg) was computed by means of theprder code EQ3NR, version 7.2b
(Wolery, 1992). Reference was made to the COM tbdymamic database, which
includes a large number of solid, aqueous, andogasspecies, whose thermodynamic
properties are mostly derived from Johnson etl&92). The aqueous species
considered in speciation computations are listebainle 2. In spite of same differences
in the considered aqueous species and in someddgnamic data, results are
comparable with those of Guidi et al. (1990b).

8.4.1. Complexing in hydrothermal aqueous solutions
As discussed by Guidi et al. (1990b) and Chiodirale(1991a), ion association in
hydrothermal aqueous solutions has different effewinly depending on the absolute
value and sign of the ionic charge. These effemtsbe summarized as follows.
Sodium and potassiu(fig. 8.14): Although the concentrations of Cl-quexes
increase with total Cl molality, the free ions™Nmnd K are always the dominant
species of dissolved sodium and potassium; thexefmal (analyzed) Na and K
contents are always representative of free ionteots

Fig. 8.14. Distribution of sodium and potassiumcspgin a hydrothermal aqueous
solution in equilibrium with albite, K-feldspar,ibzoisite, calcite, clinochlore,
muscovite, quartz, anhydrite, and fluorite at 25@%d variable Cl concentrationzd?
is fixed by coexistence of calcite and clinozoigftem Guidi et al., 1990b, modified).

Magnesium and calciurfFig. 8.15): The free ion Gais the dominant species
only in Cl-rich solutions (apart from very high aamtrations, approaching 3 mol/kg Cl,
where Cl-complexes dominate), whereas CA@evails over other Ca-species at low
Cl concentrations. The free ion Ffgs never the main dissolved Mg-species, as
MgSQy° dominates at low Cl concentrations and Mg@tevails in Cl-rich solutions.
Nevertheless the relative proportion of Mincreases with total Cl molality.
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Fig. 8.15. Distribution of magnesium and calciureaps in a hydrothermal aqueous
solution in equilibrium with albite, K-feldspar,ibzoisite, calcite, clinochlore,
muscovite, quartz, anhydrite, and fluorite at 25@%d variable Cl concentrationzd?
is fixed by coexistence of calcite and clinozoigftem Guidi et al., 1990b, modified).

Fig. 8.16. Distribution of sulfate and fluoride sjees in a hydrothermal aqueous
solution in equilibrium with albite, K-feldspar,igbzoisite, calcite, clinochlore,
muscovite, quartz, anhydrite, and fluorite at 25@%d variable Cl concentrationzd?
is fixed by coexistence of calcite and clinozoigftem Guidi et al., 1990b, modified).

Sulfate and fluorid€Fig. 8.16). Free ions S®and F are the prevailing species
only in Cl-poor solutions, while CaS®0and CaF are the dominant species at high Cl
concentrations. Therefore total (analyzed) suléate fluoride contents are
representative of free ions contents only in Clypsmutions.
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Fig. 8.17. Distribution of carbonate species amatqr donors and Hn a hydrothermal
aqueous solution in equilibrium with albite, K-fefghr, clinozoisite, calcite, clinochlore,
muscovite, quartz, anhydrite, and fluorite at 25@%d variable Cl concentrationcd?

is fixed by coexistence of calcite and clinozoisite

Carbonate specie@-ig. 8.17): the main dissolved carbonate spesiagueous
CO; (or carbonic acid, HCOs) at all total Cl molalities. Similar to what hasdn
observed for sulfate and fluoride, free HCOnN is the main bicarbonate species at low
Cl concentrations only, whereas the ion complex C&l prevails in Cl-rich aqueous
solutions.

Proton donors and H(Fig. 8.17): Bicarbonate is the main acid at @it Cl
molalities. The concentration of 'Hon increases with Cl concentrations, because it i
buffered by coexistence of aluminosilicate mineesdsalready pointed out by Ellis
(1970). For, instance, referring to the simplifsggtem albite-muscovite-chalcedony-
agueous solution, it is easy to verify that if @leconcentration increases, the
concentrations of Naand K have to increase accordingly to maintain the
electroneutrality condition. This determines arréase in A molality due to the
equilibrium constraint dictated by the followingaation:

3 albite + K + 2H" = muscovite + 6 chalcedony + 3 Na (8.38)

Due to the effects of ion complexing, total (aniaigf) concentration ratios of
compatible cations (NaK*, C&* and Md*") and compatible anions ($9 F, and
HCQOg) diverge, to variable amounts, from free ionswaigtiratios, which are uniquely
fixed, at either a given T or a given Tgdz condition, by mineral-solution equilibrium.

For instance, Figure 8.18 shows that: (i) thesectffare minor on the Na/K ratio
as both Na and K total (analyzed) concentratioasabways (at all T, &, Cl
conditions) representative of free ions concerdregtiand activity coefficients of Na
and K’ ions are similar; (ii) large deviations are obserfor the K/Mg ratio, due to the
contrasting behavior of K and Mg, whose total (gmedl) concentration is always
higher than free ion concentration; these deviatane particularly important at low
total Cl molality where the effects of ion complegion Mg are overwhelming.
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Fig. 8.18. Na/K and KMg total concentration ratios against total ctderconcentration
at different T, Ro conditions (dashed lines). Corresponding free amiwvity ratios
(FIAR) are represented by solid lines (from Chio@ihal., 1991a, modified).

Chiodini et al. (1991a) treated the logarithmsavék concentrations of compatible
constituents and their log-ratios as dependenalibas in multiple stepwise regression
analysis, in which 1/T, logdd. and logSeq Seq is total ionic salinity in eq/kg) were
taken as independent variables. Final regressioatems for total concentrations and
total concentration ratios of compatible constitgeare reported in Table 3. Inspection
of this table shows that:

(i) Na/K, K?/Mg, and SQ/F? ratios as well as S@nd F contents are mainly controlled
by temperature and are therefore potential geothiereters;

(i) K?/Ca, Ca/Mg, HC@F, and (HCQ) 4SO, ratios as well as HC{xontents are
largely controlled by £5, and are therefore potentiatdz-indicators.

(i) Na¥Mg and N&/Ca ratios, the concentrations of other constisieand pH are
mainly constrained by total ionic salinity and #rerefore less suitable, in principle, as
either geothermometers ogdz-indicators.
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Fig. 8.19. Plots of (A) Si@and (B) K vs Cl for the water discharges of Samdds,
Guatemala. Curves with small diamonds and croggesto the La Cimarrona (initial
temperature 240°C) and La Castalia (initial tempeeal85°C) geothermal
endmembers, respectively; they report the compositexpected for geothermal water-
groundwater isoenthalpic mixtures that are alloweedquilibrate with the hydrothermal
paragenesis typical of most geothermal systemsreswh the surface after either no
steam loss (solid curve) or maximum steam lossh@thsurve). The curve with
asterisks represents the theoretical compositiotheoLa Cimarrona geothermal liquid
after boiling and equilibration at decreasing terapgres (from Marini et al., 1998).

These studies found a theoretical justificationiémic solutes geothermometers
and Rozindicators, which were originally derived on a @lyrempirical basis. In
addition the functions of Table 3 allows one todstigate the behavior of each solute
upon mixing and re-equilibration, as attempted kgribi et al. (1998) for the thermal
waters of the San Marcos area (Guatemala).

It was shown that Si£and K play a key role in unravelling mixing, batj and
re-equilibration phenomena (Fig. 8.19). On the ottaand, dissolved magnesium does
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not seem to be constrained by equilibrium with dkés, at least in the mixed Na-Cl
waters of the San Marcos area, possibly becausbédgng montmorillonites and
saponites are more abundant than chlorites at t@types below 200°C. If so, the use
of the K-Mg geothermometer might be in error, esgdbcbelow~175°C, as pointed
out by Fournier (1991).

Theoretical geothermometers angbfindicators for aqueous solutions coming
from hydrothermal systems of medium-low temperahosted into carbonate-evaporite
rocks were derived by Chiodini et al. (1995b) falinog the same approach of Chiodini
et al. (1991a).

8.5. Effects of mixing on the geothermometers

The effects of mixing between thermal waters and a@ters on the silica (quartz)
geothermometer has been already discussed ins&cHat, referring to the silica vs.
enthalpy plot. As shown above, the main disadvantddghe iso-enthalpic mixing
model is the possible occurrence of conductive lusaes, which determine an
overestimation of the calculated temperature ohibtewater endmember.

To get rid of this possible problem, we will trydevelop mixing models which
do not assume enthalpy (heat) conservation but otasservation only. It might seem
obvious, but first the occurrence of mixing musteséablished by means of suitable
plots between mobile species (see section 6.B)also useful to examine plots
between the pairs of species involved in ionic seothermometers, e.g., the Na-K
and the K-Mg geothermometers, as done in Figur@ ®2the waters of San Marcos,
Guatemala. This exercise shows that, if the colebmiaas low salinity, the Na-K
geothermometer is practically unaffected by dilnfiovhereas the K-Mg
geothermometer is significantly influenced by miximn fact: (i) in the Na vs. K plot,
the mixing line, as well as the different isotheyiau® straight lines passing through the
origin, whereas (ii) in the K vs. log Mg plot tretherms have parabolic shape; the
mixing line is not a straight line, as the log-gchhs been used to show the large
changes in Mg concentrations (use linear scalgmssible !).

Fig. 8.19. Plots of (left) K vs Na and (right) Mg K for the water discharges of San
Marcos, Guatemala, showing relevant isotherms la@anixing line of sample 45 from
La Cimarrona with local groundwater (from Mariniadt, 1998).

How to calculate the equilibrium temperatureled pure thermal endmember?

Some hypotheses are needed. They are: (i) existérmaerall equilibrium in the
reservoir; this means that different geothermonseelg. the Na/K and quartz
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geothermometers) indicate the same temperatutedquure thermal endmember; (ii)
neither gain nor loss of matter occur upon mixing aooling (which is not the case at
San Marcos, Fig. 8.19); (iii) the chemical compositof the cold component is known.
Let us now select two samples which are represeatat the mixed water, M, and of
the cold water, C. The sodium, potassium and stlarecentrations in the pure thermal
endmember, T, are related to those in the mixedneatd in the cold water by the
following mass balances:

CNa,TX =CNa,M - CNa,C (1' X) (8-39)
Cy X =Cyn - Crcl-x) (8.40)
CSiOZ,TX = CSiOZ,M - CSiOZ,C (1' X) (8-41)

where x indicates the weight fraction of the thdrommponent in the mixture. The
Na/K ratio of the pure thermal endmember is obthidigiding Eqn. (8.39) by Eqgn.
(8.40), while the silica concentration of the thatrmomponent is simply obtained
dividing Eqgn. (8.41) by x.

Crat - Cram - Crac @- x) (8.42)
Cer Cum - CK,C(]-' X)

Csio.m = Csio, c - X
Csioz;r - SiO, .M :02,(:( ) (843)

Expressions (8.42) and (8.43) are then insertédaNa/K and quartz
geothermometers, obtaining a system of two equaiamid two unknowns (T and x),
which can be solved. Once x is computed it camberted back in the mass balance
equations (Egns. 8.39-8.41) to calculate the comiponsf the pure thermal
endmember. Similar mixing models can be based apgriwo geothermometers.

Alternatively, the concentrations of Na, K, Mg, aBiD,, i.e., all the constituents
involved in the geothermometers of interest (Na<kylg, and quartz, in this case) are
regressed against ClI. If the concentrations ottresidered constituents in the mixed
waters are governed by mixing between a thermatmaatd a cold water, data should
fit straight lines and simple linear equationg{€ a Cci— by, Ck = & Cci — by, Cug =
as Cc) — b, Csio2 = & C¢) — by) should be obtained. These are inserted in thezyuda-
K, and K-Mg geothermometers (e.g., Eqns. 8.1, &B#d,8.26), obtaining simple T-Cl
functions, such as:

Tqz(°C) = 1309 - 27315 (8.44)
519- log(a,Cq, - b,)

T (°C) = 1217 - 27315 (8.45)
1.483+log(@,Cg, - b)) - log(a,C, - b,)

T (°C) = 4410 - 27315. (8.46)
14.0- 2log(a,Cq, - b,) +log(a:C, - b;)
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Then, Na-K-, K-Mg- and qz-temperatures are caledaldor increasing Cl
concentrations and plotted against it. If overgliiebrium is satisfied for the thermal
endmember, the three functions converge, indicatiedCl concentration and overall
equilibrium temperature of the thermal componehisapproach has been used for the
thermal waters of Plymouth, Montserrat by Chiodinal. (1996; Fig. 8.21) and
Aguilera et al. (2004).

Ternary mixtures can be modeled by means of manetdving three
geothermometers (Antrodicchia et al., 1985) or ggothermometers and the
conservation of enthalpy (Cioni et al., 1992).

Fig. 8.21. Variations of Na/K temperature’/Kg temperature and quartz temperature
vs. Cl contents along the mixing line of Plymoutbatharges (from Chiodini et al.,
1996, modified).

8.6. Affinity to equilibrium and log(Q/K) vs. T dgrams

The degree of attainment of equilibrium may be rtayed by using the concept of
thermodynamic affinity to equilibrium: since a réan proceeds minimizing the Gibbs
free energy of the system, for a generic reactmecjrring at constant T,P, the
thermodynamic affinity, A is defined as follows:

Q.
A = —  =2303xR%T ¥og K—J , (8.47)
I pT i

wherey; is the progress variable for the j-th reactiopiskthe equilibrium constant and
Q is the corresponding activity product. The affjrtias the magnitude of an energy
(i.e., kd/mole, kcal/mol) and represents the endrgyng towards the equilibrium
condition in a chemical potential field.

Restricting our attention to the specific caseis$dlution/precipitation of a given
mineral in an aqueous solution, three general tsttos are possible. If &> 0, the
aqueous solution is oversaturated with respedtasolid phase. If A= 0, the aqueous
solution is saturated with respect to the mineral, in equilibrium with it. If A< 0O, the
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aqueous solution is undersaturated with respdttetcolid phase. Many authors prefer
to work with the adimensional variable log (Q/K)ieh is called saturation index, Sl,
rather than with thermodynamic affinity, but theotapproaches are totally equivalent.
Reed and Spycher (1984) showed that calculatiorg {pven geothermal water,
of SI's (or affinities to equilibrium) with respetts a number of plausible hydrothermal
alteration minerals, at varying temperature, candesl as an effective geothermometric
tool. Saturation indices are initially calculatedatlet temperature and measured pH.
Temperature is then changed iteratively and the iIetomputed. Computed SI's are
then plotted against temperature, obtaining ploth s that reported in Fig. 8.22.

Fig. 8.22. Changes in the saturation indices ofttyetrmal minerals, as a function of
temperature, for one of the La Cimarrona thermehgp, San Marcos, Guatemala
(from Marini et al., 1998).

If the geothermal water is in equilibrium with tbensidered minerals at a given
temperature, all the Sl curves converge to 0 attémaperature. If loss of CQakes
place, the Sl curves for minerals sensitive to givappH are shifted to lower values
(e.g., calcite in Fig. 8.22). If the geothermal eranixes with a water of low salinity, all
the Sl curves are shifted downward into the underaaon field, but the intersection
cluster remains, indicating the approximate tempegaof equilibrium. In spite of these
perturbations brought about by mixing and d6¥s (Pang and Reed, 1998), the Sl vs.
T plot is a powerful tool to investigate the eduilum temperature of geothermal
waters.

In order to calculate the SI's, the chemical sgigan in the aqueous solution have
to be reconstructed first, taking into accouniail complexes. This is a great step
forward with respect to simple geothermometersc@ifrse, calculations have to be
carried out with the aid of a computer programhsag the EQ3/6 software package
(Wolery, 1979, 1992; Wolery and Daveler, 1992) GLYEQ (Reed, 1982), which was
specifically implemented for this purpose (Reed Spgicher, 1984).

Since most hydrothermal minerals are Al-silicates,aluminum concentration in
the aqueous solution has to be introduced in thepatations. Unfortunately,
monomeric Al concentrations are rarely measuregeothermal liquids and sometimes
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poorly representative values of even total Al dsamed, because finely dispersed Al-
oxyhydroxides pass through the membrane filtersi(ieely and Zellweger, 1974;
Laxen and Chandler, 1982). However, the absenteequoor analytical quality of Al
data can be circumvented assuming that aluminuroerdrations are constrained by
equilibrium with a given Al-silicate (Pang and Re&898).
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9. Geothermal gases

In general, the major component of geothermal gaskbO, which is followed
by CO, and HS in order of decreasing importance. Other gasisp@cesent in lower
concentrations areNH,, CH,;, CO, NH;, Ar, and He. Strongly acid gases, i.e.,SO
HCI, and HF, which are typical of fluids degassemhf magma bodies (Giggenbach,
1987; Chiodini et al, 1993b), are virtually absengeothermal fluids (Giggenbach,
1980).

Sulfur dioxide was detectable only in some mixedymatic-geothermal
fumarolic discharges from active volcanic areashsas Guagua Pichincha crater,
Ecuador (Marini et al., 1991) and Forgia Vecchi&/ofcano, Italy (Chiodini et al.,
1995a).

Besides, geothermal gases are characterized hy@ttents much greater than
CO concentrations (Chiodini et al., 1992).

Similar to what is done for waters, for which aficlassification step is needed
before investigating mineral-solution equilibriéss@for gases it is convenient to carry
out an initial evaluation involving the less regetconstituents, with the aim to get
information on the possible origin of fluid compaotg on the main processes
controlling their distribution and on the secondprgcesses possibly interfering with
gas equilibria evaluations. The most obvious ctunstits to use are,NAr, and He, as
suggested by Giggenbach (1991a).

9.1. Relative concentrations of He, Ar, anckN

Ar and He are chemically inert noble gases. Altholgis reactive (see below),
in general its contents are not perturbed by chaméactions since it is by far the
predominant nitrogen species. Considering a laugeber of gas analyses coming from
different tectonic settings, Giggenbach (1991a29%howed that the relative
concentrations of He, Ar, and;elineate the following major source components.

Fig. 9.1. Relative concentrations of He, Ar, andilNseveral geothermal gases coming
from different tectonic settings (from Giggenbatf96).
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(1) A meteoriccomponent represented by air-saturated groundveses), which is
characterized by MAr ratios of~38 or somewhat higher due to possible entrainmient o
air bubbles. The He/Ar ratio is less than 0.001.

(2) A magmatic "andesitic’component with MAr ratios of 800-2000, which are
typical of gas discharges from geothermal and votceenters along convergent plate
boundaries (see also Giggenbach, 1997a and reésr¢merein). These relatively high
N/Ar ratios were attributed to addition obNmostly from the thermal decomposition
of organic material contained in subducted sedim@viatsuo et al., 1978). However,
this ratio is highly variable, possibly due to diénces in the amounts of marine
sediments reaching the zones where andesitic magraagenerated (Kita et al., 1993).
Some systems situated along convergent plate baesda.g., the volcanic islands of
Nisyros, Milos and Kos belonging to the Helleniarsl arc, Giggenbach, 1997a; La
Ruffa et al., 1999; Kavouridis et al., 1999; Brormbat al., 2003) have low Mr

ratios, comparable to those of mantle-derived gawebably due to low contributions
of N, from the subduction slab.

(3) A magmatic “basaltic’component, characterized by a helium content fogmitly
higher than that of the meteoric component (H&/A1). Gases rich in this component,
labeled mantle in Fig. 9.1, are typically foundrajalivergent plate boundaries (sample
PR) and in hot spot areas (e.g., SN and AL fron3hkapagos and HA from the
Hawaii).

(4) A crustalcomponent, which is also rich in helium, becausadadlition of radiogenic
He, i.e.,"He from radioactive decay of crustal U and Th. fimgiple, the®He/"He ratios
could be used to discriminate the contributionmahtle and crustal gases. Thte/He
ratio of mantle gases, normalized to air, is uguatse to 8 R in mid-ocean ridge
gases, but may exceed 2@ iR some hot spot gases. On the other hand, cryssals
usually havéHe/'He ratios < 0.1 R However, since the present understanding of the
processes governing tiide/"He ratios in volcanic and geothermal fluids isl stila

very qualitative-descriptive stage, inferences daseHe isotopes are highly
speculative in my opinion.

In spite of the care in sampling natural gas disgés, atmospheric air
contamination cannot always be avoided, for instamicen air is entrained in the
upflow path of deep fluids upstream of the surfdiseharge. Air contamination might
be indicated by the presence aof Out this is not a general rule, sincgi®rapidly
consumed through reaction with the reducing gasiepémainly HS) initially present
in deep gases. In turn, air contamination may tegshrtial or complete oxidation of
reducing gas species. The occurrence of this psptesrefore, invalidates the
geothermometric-geobarometric techniques involeitiger reducing gas species or
atmospheric gases (e.g., Ar).
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10. Geothermal gas equilibria

Geothermal gas equilibria have been extensivelgstigated (e.g., Hulston and
McCabe, 1962; Ellis, 1962; Glover, 1970; Tonani{3;.9Seward, 1974; D’Amore and
Nuti, 1977; Giggenbach, 1980, 1991a, 1993; D’Anmamd Panichi, 1980; D’Amore
and Celati, 1983; Nehring and D’Amore, 1984; Arrsars and Gunnlaugsson, 1985;
Bertrami et al., 1985; Arnorsson, 1987, 1990; Cimoand Cioni, 1989; Arnorsson et
al., 1990; D’Amore, 1991; Chiodini et al., 1991892; Chiodini, 1994; Chiodini and
Marini, 1998).

Based on earlier findings by Hulston and McCal862), Giggenbach (1980)
incorporated vapor-liquid gas distribution coe#icis into equilibrium relationships,
showing that the contents of G®1,S, NHs, Hp, N, and CH in the fluids discharged
from the deep geothermal wells of the Wairakei, Keau, and Broadlands (New
Zealand) and Manikaran (India) are closely appraxed by two theoretical processes,
either addition to or removal from an equilibriuigquid phase of an equilibrium vapor
phase, defined as "vapor gain" and "vapor lossheetively.

Giggenbach (1980) took into account the followihgee reactions:

CHs + 2HO =4 H + CO; (10.1)
2NHs= Ny + 3 H (10.2)
FeS + Hp + [H,0] = [FeO] + 2 HS (10.3)

and described the effects of vapor gain or losk véspect to the composition expected
for the discharge of a pure equilibrium liquid pbd&y means of simple mass balances.
These mass balances were suitably readjustedringfén the vapor-liquid distribution
coefficient of each gas species, Bhich was defined above (Egn. 6.6). The following
equation was thus obtained for the theoretical eotration quotient of reaction (10.1):

2 +1 +4
. KCXPHZO ><DCO2 ><DH2 ><BCH4
K. = 2 (10.4)
BCO2 ><BH2 ><DCH

where:
() K¢ is the equilibrium constant of reaction (10.1)d @s logarithm can be expressed
as a linear function of 1/T(K):

9323
logK . =1076- ——; 10.5
9 C T(K) ( )

(ii) Py2o is the partial pressure of water, and its logartith also a linear function of
1/T(K) for liquid-vapor coexistence:

2048
logP =5bh1- ——; 10.6
9P o =S (10.6)

(i) log By’s are linear functions of T(°C), as expressed dpya¢ions (6.7)-(6.12);
(iv) Dj is equal to (1 — y + yiB with y expressing the fraction of equilibriumpea
either added to or separated from the deep ligoase.
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Instead of comparing these theoretical concentrajimtients with the analytical
counterparts

4 4
. Raco, Xan, R
K. = 2 2 (10.7)

where Xis the total (well discharge) mol fraction of ththispecies, Giggenbach
preferred to get rid of total pressure, by meanheffollowing approximated
expression:

Pio
P = 2 (10.8)
1- xg Vs ><Bc02,280°
where X is the gas fraction and ¥ the steam fraction, thus obtaining:
- 4
. Kg X d.Co, X dH,
Ko = oA = (10.9)
H,0 Xd,CH4 x1- X9, ><B002,280°

These concentration quotients are shown in Fid..10.

Fig. 10.1. Values of log kKZ'and log K'\ as a function of temperature and y, which is
the fraction of equilibrium vapor either added teseparated from the deep liquid
phase. The corresponding analytical quotientsdaresgeothermal wells of Wairakei
(W), Broadlands (B), Kawerau (K), and Manikaran @f¢ also plotted (from
Giggenbach, 1980).
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The approach by Giggenbach (1980), and other simitaels (e.g., D’Amore
and Celati, 1983; Arnorsson et al., 1990; D’Amdre91) are based on total fluid
composition. It is also required that total fluioheposition measured at the surface is
fully representative of reservoir conditions (eapsence of gas-slip effects).

These "vapor gain” models cannot be applied to a@ischarged by fumaroles,
which are usually generated through steam separfitm boiling liquids. "Vapor
gain" models cannot be applied also to geothernelswf which only the composition
of the separated vapor phase is known. Recen#ygeélochemical techniques proposed
by Giggenbach (1980) have been adapted to fumagaiaischarges by Chiodini and
Marini (1998). Besides, Chiodini et al. (2001b)estigated the effects of gas solubility
in aqueous solutions of high salinity on relevaas gquilibria.

Following Chiodini and Marini (1998), this presatibn is largely based on the
equilibria in the HO-H,-CO,-CO-CH, system, which plays a pivotal role for
geothermal gas discharges. First, the theoretarapositions of gaseous mixtures in
chemical equilibrium under fixed temperature-pressedox or temperature-pressure
conditions are computed. The results of these tlons are expressed in suitable
graphics, also showing the effects of possible ggses (boiling and steam
condensation) experienced by deep fluids duringugfitow towards the surface. Then,
the analytical data are compared with theoretiatd.d

10.1. Gas equilibria in the BHO-H,-CO,-CO-CH, system
10.1.1. Variables controlling gas equilibria in thRO-H,-CO,-CO-CH, system

To calculate the theoretical composition of geatiedrgases, the fugacity o8 and,
depending on the approach, the fugacities of @@l Q as well, have to be known at
the temperatures of interest.

Depending on P, T conditions, the main componégeothermal fluids, kD,
can be present in different physical states,liquid, gas (called here ‘superheated
vapor’ to avoid misunderstanding) and saturatedidie vapor. For coexisting vapor
and liquid water, changes of log§ with temperature are closely approximated by
equation (10.6). Water fugacity is not constraibgdemperature alone, and becomes
an additional external variable, both for a sifgjaid phase at pressures higher than
saturation and for a single vapor phase at pressowmeer than saturation.

As discussed above, G@ugacity in “full equilibrium” geothermal systenis
fixed, at any given temperature, by univariant tieas involving calcite, a Ca-Al-
silicate, K-feldspar, K-mica and chalcedony (Gigggeh, 1984, 1988). Under these
peculiar conditions, fugacity of G@nd temperature are linked by Eqgn. (8.32).

According to Giggenbach (1987) the most suitablemeter describing redox
potentials of most natural fluids is:

f XH

—_ —_ H2 2
RH = Iong = Iogf @og (10.10)

HZO HZO

He proposed that the redox potentials of geothesystems are governed by the (FeO)-
(FeQ.5) couple, which controls also the redox state sliec and andesitic magmas as
earlier recognized by Fudali (1965). Referringhte (FeO)-( Fe®s) buffer, Ry-values

are fixed by the reaction:
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H,0 + 2(FeO) = K+ 2(FeQ ) (10.11)

the equilibrium constant of which is equal tg &d is practically temperature
independent at -2.82 + 0.02. Considering formatibwater from H and Q, reaction
(10.11) can be rewritten as:

2(FeO) + %2 @= 2(FeQ.s) (10.12)
and log b, can be linked to temperature through the follonaggation:

IogfO =10.736- 25414 (10.13)

2 T(K)

Similar equations relating$'s and temperatures in geothermal environments were
proposed by many authors (e.g., Tonani, 1973; D’Aavand Nuti, 1977; D'’Amore and
Panichi, 1980; D’Amore and Gianelli, 1984). For thepose of the following
discussion, we report here the empirical relatigmsbf D'Amore and Panichi (1980):

23643
logf | =820- ="\ 10.14
Yo, T(K) (10.14)

10.1.2. Attainment of chemical equilibrium in agdenvapor phase
It is initially assumed that the considered gasigseattain chemical equilibrium in a

single vapor phase. The following three reactiowide the equilibrium constraints in
the HO-H,-CO,-CO-CH, system:

H,O = H + % O (10.15)
CO,=CO+%Q (10.16)
CO, + 2H,0 = CH, + 20 (10.17)

Production of CH could take place also through reaction of eleméhi@nd H.
Although elemental C (graphite) may be presenbmesnatural geothermal systems
such as Cerro Prieto, Mexico (Nehring and D’Amd@84) and in Northern Latium,
Italy (Chiodini, 1994), these are probably pecutiases rather than the general
situation. The most general approach, i.e., equndfi6.17) is preferred here.

The equilibrium constants of reactions (10.15)-{¥) can be written as:

1
logf,, =logK , - =logf_ +logf 10.18
of,, =logk,, -logf, +logf, , ( )
logf _ =logK - Llogf . +logf (10.19)
eo gcozgo2 9002 '
IongH4 =IogKCH4 - 2Iogf02 +2IogfHZO +Iogfc02 (10.20)
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The temperature dependence of the thermodynamgtaats K, Kco and Kepa
is given by the following equations, based on tiermodynamic data by Stull et al.
(1969):

12707
logK,, =2548- —— 10.21
9 H, T(K) ( )
14955
logK., =5.033- —— 10.22
9Keo T ( )
42007
logK., =0527- ———. 10.23
9Ky, T ( )

Theoretical fugacities of 51CO and CH. To solve equations (10.18) to (10.20), the
fugacities of HO, CQ, and Q have to be known at the temperatures of interest.
Assuming thatdo, is constrained by equation (8.32); fs governed by a suitable
buffer, e.g., equations (10.13) or (10.14), andting {40 as either a simple
temperature function, for coexisting liquid plugpwea (Eqgn. 10.6), or an externally fixed
parameter, for single phase environments, equafidh48) to (10.20) allow one to
compute fugacities of 51CO and CH at different temperatures (Fig. 10.2).

Fig. 10.2. Fugacities of HCO and CH at different temperatures, for a vapor phase
coexisting with an infinitesimally small amountlafuid water, calculated assuming
that £, is constrained by the full equilibrium function @fggenbach (1984, 1988),
and ¢, is governed by either the FeO-FReydrothermal buffer of Giggenbach (1987,
solid lines) or thed,-buffer of D'Amore and Panichi (1980, dashed linés)gacities of
H.O and CQ, which are simple temperature functions, are shgwn (from Chiodini
and Marini, 1998).

Use of the two @buffers of Giggenbach (1987) and D'Amore and Rar{it980) leads
to different theoretical fugacities of,HCO and CH. Carbon monoxide shows the
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largest changes with temperature, and it is, tbeeethe best geothermometer.
However, since fugacities of single gas speciepaaetically impossible to be
determined for fumarolic effluents and only witmlted accuracy for well discharges,
Fig. 10.2 cannot be used to compare theoreticahaatytical compositions.

Theoretical log-ratios HH,O, CO/CQ, and CH/CO,. Most of the disadvantages of
referring to fugacities of single gas species arame by working with isomolar
concentration ratios, which can be analyticallyed®ined on both fumarolic fluids and
well discharges. In order to meet these requireséné equilibrium constants of
reactions (10.15)-(10.17) can be re-formulated as:

fy 1 Xn Gy

Iogf 2 =logK , - Zlogf =log—2—%- (10.24)
H,0 2 2 2 H,0 H,0
f X C

log—9-=logK __- lIogf =log—C0 €O (10.25)
f co 2 Yo,
co, co, €o,
fen Xen Cen

log—= =logK - 2logf . +2logf =log—*—* (10.26)
f CH, o, H,0
co, co, co,

For gas phases largely made up of water vaporwleen X;,0 > 0.8, the ratios of
fugacity coefficientss12/Giz0, Geo/Geoz, andGend Gooz do not deviate significantly
from 1, in the typical P, T range of geothermal eysd, 100-374 °C and 1-220 bar
(Ryzhenko and Volkov, 1971; Ryzhenko and Malini@&71; Naumov et al., 1974).
Therefore use of ratios of mole fractions in thpargphase, Xs, introduces negligible
errors (Giggenbach, 1987). The theoretical validained from equations (10.24)-
(10.26) are reported as vapor lines and superheafeat grids in Figs. 10.3 and 10.4. It
must be underscored that equilibrium values ofXeglXH20) and log(Xco/Xco2)
depend upon the temperature and the redox potémtia¢ gas equilibration zone only,
whereas theoretical loggis/Xcoy) ratios are also controlled by water fugacity.aAs
consequence, log@s/Xn20) and log(Xo/Xcoy) in pure saturated vapors are equal to
those in superheated vapors at any T and redoxtemnvapor lines in Fig. 10.3),
whereas log(¥n4/Xcop) In pure saturated vapors (vapor lines in Fig4)Lare different
from those in superheated vapors (superheated ggipisrin Fig. 10.4).

Theoretical sums of log-ratios,iH,0, CO/CQ, and CH/CO,. Geoindicators
independent on the redox potential can be deriuethsing reactions (10.15) to (10.17)
in order to eliminate © This exercise produces the following 5 reacti@ash

including 4 and excluding 1 of the considered 5stibments:

CO, + H, = CO + HO (10.27)
CHy+ 2H,0 =4 H + CO, (10.28)
3CQ, + CH, = 4CO + 2HO (10.29)
CHj + H0 = 3H, + CO (10.30)
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CHs + CO, = 2H, + 2CO (10.31)

Only 2 of these 5 reactions are mutually indepethdenall the 5 constituents are
involved in any 2 of these reactions.

Fig. 10.3. Plot of log(¥X2/Xu20) Vs 10g(Xco/Xco2). The theoretical grid assumes that
redox conditions in the gas equilibration zoneameatrolled by either (a) the FeO-
FeQ s hydrothermal buffer of Giggenbach or (b) thethuffer of D'Amore and Panichi.
Compositions of both the vapor and liquid phaseisKtsolid lines) are shown.
Compositions of the vapor phase separated in desstgp at different temperatures
from a liquid phase initially at To = 150°, 2005®, 300° and 350 °C are also shown
(thin solid lines) as well as the compositions hasg from single-step vapor separation
at 100°C starting from any initial temperature (da$lines). Circles = fumarolic
vapors; squares = vapors from geothermal wellsn(f@hiodini and Marini, 1998).

Let us consider, for instance, reactions (10.27%yater-gas shift reaction WGS and
(10.29) here indicated with the acronym CCC. Thequilibrium constant expressions
are:

f fy X Xy
log—CC-- log—2-=K_ __ @og—LC9- - log—2 (10.32)
feo fio W Xco Xuo
2 2 2 2
f f X X
3log—C2 +log—2- =K ___ - 2logf , . @B8log—C2- +log—S- (10.33)
f f cce H O X X
co, CH, 2 co, CH,

The temperature dependence of the thermodynamgtanais Kygs and Keccis given
by the following equations:

logK s = 2.485- 2248 (10.34)

T(K)
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10gK yoq =10.605- —/O13 (10.35)

T(K) -

Fig. 10.4. Plot of log(¥n4/Xco2) VS log(Xco/Xco2). Theoretical grids for coexisting
liquid and vapor phases (solid lines) and supegteaapors (dashed lines) are
calculated assuming that redox potentials in ttseegpuilibration zone are controlled by
either (a) the FeO-Fe@ hydrothermal buffer or (b) the fbuffer of D'’Amore and
Panichi. Symbols as in Fig. 10.3 (from Chiodini &drini, 1998).

Equilibrium values of log(¥o/Xco2) - 10g(Xn2/X120) depend upon the temperature in
the gas equilibration zone only, whereas theoretiglaes of 3log(X%o/Xcoo) +
log(Xco/XcHa) are also controlled by water fugacity. Theordticdues of these sums of
log-ratios are shown as vapor lines and superheatgor grids in Fig. 10.5.

10.1.3. Attainment of chemical equilibrium in agdensaturated liquid phase

Equilibrium gas contents in a single saturateditiqphase are conveniently computed
using the vapor-liquid distribution coefficient;, Bvhich is defined as the ratio between
the concentration of gas j in the vapor phase hadoncentration of the same gas in
the liquid phase (Eqgn. 6.6). The temperature degrerelof vapor-liquid distribution
coefficients for the gas species of interest icdeed, in the 100-340 °C range, by
equations (6.9, 6.10, 6.11, and 6.13). Above 34Qdt€lribution coefficients are
obtained interpolating between the value at 34@1i€ 1, i.e., the theoretical value at
374°C for all gas species.

Insertion of Eqn. (6.6) in equations (10.24), g6), (10.26), (10.32), and (10.33)
leads to the following relationships:

X
H, _ 1
log X —IogKH - EIngo

2
H,O L

- logB (10.36)
H2

2
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X B
log —CO- =logK - 1IogfO - log—CS-
Xco 2 2 Bco
2 L 2
X B
log —¢  =logK . - 2logf . +2logf. - log— 4
9 X 9 CH4 9 O2 9 HZO gB
co, co
L 2
co XHz Beo
log - log —IogKWGS- IogB—+|ogBH
co, H O co
L 2”0 | 2

X X
3log —C2  +log Xﬁ =
co, | CH, |
B B
3 3 co . co
log KCCC 2IogfHZO 3log 5 log

Co, CH,

(10.37)

(10.38)

(10.39)

(10.40)

Fig. 10.5. Plot of 3log(¥o/Xco2) + 10g9(Xco/Xcha) VS. 10g9(Xco/Xco2) - 109(Xnz2/ XH20),

showing the theoretical grids for coexisting liqaiad vapor phases (solid lines) and
superheated vapors (dashed lines). Also showrhareampositions of vapors separated
in a single-step at different temperatures frongaid phase initially at To = 150°, 200°,
250°, 300° and 350 °C (thin solid lines) and thepositions resulting from single-step
vapor separation at 100°C starting from any inteahperature (dashed lines). Symbols

as in Fig. 10.3 (from Chiodini and Marini, 1998).
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Compositions described by equations (10.36)-(10c4f)be reached in fumaroles and
steam wells only through complete isothermal evafpam of an equilibrated liquid.

This process requires a considerable supply offn@at an external source and it is
possible under peculiar situations only, usuallyesit in most ‘normal’ geothermal
systems. Nevertheless they represent a usefuerefey and would be applicable to any
unflashed samples of a deep liquid phase. Thedkieal values of log(¥2/Xn20)L,
log(Xco/Xcoa)L, 109(Xchad/ Xcoo)L, 10g(Xco/XcoL - 109(Xn2/ XH20)L, and

3log(Xco/Xco2)L + l0g(Xco/Xcha)L are reported as liquid lines in Figs. 10.3-10.5.

10.1.4. Steam produced through boiling of an elgratied liquid phase

To compare theoretical and measured data, thet @ffeecondary phenomena affecting
rising geothermal fluids have to be taken into actoSince it is not possible to
separate the effects of two or more secondary phena for a given sample, we
implicitly assume that only one of these phenonismnimportant in each case. Among
these secondary phenomena, boiling and steam csattttam (for computing the effects
of the latter process see Chiodini and Marini, 2988n bring about large chemical
changes, due to distribution of different gas spebletween separating liquid and vapor
phases. To calculate the effects of boiling onttie®retical values of log@¢/Xn20)L,
log(Xco/Xco2L, 10g(Xchad X oL, 109(Xco/Xco2)L - 10g(Xnz/Xh20)L, and

3log(Xco/Xcoa)L + l0g(Xco/Xcha)L, it is assumed attainment of chemical equilibrinm

a single saturated liquid phase at initial (equilitn) temperature To, followed by
adiabatic single-step steam separation at temperats Under these assumptions, the
mole fractions of the gas species of interest ensitparated vapor phase are constrained
by simple mass balances (e.g., Eqn. 6.14) and legtbalance (Eqn. 6.4). The

following relations are obtained inserting expresgi6.14) into equations (10.36) —
(10.40):

X
log — 2 =logK, - =logf_ -logB, _ -logy+—"Y (10.41)
X H, 2 90, H,.To B '
Hzo H_,Ts
Ts 2
X B ]
log S =logK __ - ~logf, - log—CCT> log y+——Y
2 0,
co co, To COTs
> Ts 2 (10.42)
+log y + 1-y
CO2 TS
| Ton, —logK . - 2logf . +2logf. - | o, T
X ~ 098¢y, T 2001 A0y o7 100
co CO,,To
2 Ts 2 (10.43)
log y+—Y tlogy+-1Y
CH4,TS CO2 TS
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X
X H B
CcoO 2 - CO,To
log R log X —IogKWGS- IogB—+IogBH2’TO
co, H.O CO. To
Ts 2 Ts ? (10.44)
-log y+ 1-y +log y + 1-y +log y+ 1-y
COTs CO. Ts H_Ts
2 2
X X B
co co _ CO,To
3log —=  +log —IogKCCC- 2IogfH o- 3log————
co, CH 2 co. ., To
Ts ‘s ? (10.45)
B } } .
- log—C°T9 . 4log y + 1-y +3log y + 1-y +log y + 1-y
CH4 ,To CO,Ts CO2 Ts CH4 Ts

The theoretical log ratios and sums of log ratialsi@s in the vapor phase separated at
different temperatures from a liquid phase iniyiat 150°, 200°, 250°, 300° and 350 °C
are shown in Figs. 10.3-10.5 as single-step vagparstion lines. In Figs. 10.3 and 10.5
the theoretical values of vapor separated at 1888@ing from any initial temperature
are also reported.

10.1.5. Comparison between theoretical and anaytompositions

Analytical data spread throughout the theoreticasgn the log(Xo/Xco2) Vs
log(Xn2/XH20) plot (Fig. 10.3), which is slightly affected byet choice of redox buffer.

In the log(Xcrad/Xcoo) Vs log (Xco/Xcoo) plot (Fig. 10.4), the field of saturated
vapors overlaps that of superheated vapors, thuplocating the interpretation of
measured data. In addition, a large number of &énalydata plot outside the theoretical
grid, using either the redox buffer by Giggenbat®8(7) or that of D’Amore and
Panichi (1980). As the G/ CO; ratio is strongly affected by redox conditionghe gas
equilibration zone, this disagreement between nredsand theoretical values suggests
that no unique redox buffer is active in all thetpermal environments. Alternatively,
CH,4 might be out of equilibrium with the other gaseg do kinetic reasons. An attempt
to quantify the kinetics of chemical equilibratibatween C@and CH was presented
by Giggenbach (1997b). Assuming that the conversid@O, to CH, may be described
by a pseudo-first order reaction, the reaction-tialé would be about 12a at 300°C,
500a at 200°C and 160ka at 100°C. However, theseay preliminary estimates
based on limited experimental data and furtherarebes are needed to clarify the
kinetics of conversion of C{ao CH, in the presence of catalysts occurring in natural
environments (Giggenbach, 1997b).

The diagrams that make use of 2 sums of log-régias, log(X%o/Xcoo) -
log(Xn2/Xn20), and 3log(eo/Xco2) + l0g(Xco/Xcha), Fig. 10.5] are independent of
redox conditions. In addition, the weight of £éh these functions is relatively small
and these sums of log-ratios are mainly contrdigthe CO/CQ and H/H0 ratios.
These functions gave reasonable estimates of tnkbegm temperature and,
therefore, can be used as effective geoindicatonsast geothermal systems. It must be
pointed out, however, that application of CO-bageothermometers may be
complicated by fast re-equilibration of this mirspecies (Brombach et al., 2002, 2003).
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10.2. Geothermal gas equilibria in theJ@-H,-H,S system

Giggenbach (1980) showed that thgSHugacity in hydrothermal environments is
controlled by coexisting pyrite, an unspecifiedAesilicate (indicated as [FeO],
probably chlorite or epidote in natural systemg) #re corresponding Al-silicate in its
protonated, Fe-free form, pB], as expressed by the following reaction (after
Giggenbach, 1980, modified):

FeS + H0 + [H,0] = [FeO] + 1/2 @+ 2 HS, (10.46)

whose equilibrium constant is conveniently writgen

=—logKs- Zlogf02 - %Iongzo. (10.47)

H,0O

As indicated by Eqn. (10.47), equilibriumy¢/X 20 ratios depend upon temperature,
redox potential and water fugacity in the gas éloation zone. The temperature
dependence of the thermodynamic constayiskKjiven by the following equation:

132118

logK.=2388- —————,
s T(K)

(10.48)

which is based on an empirical correlation by Gidggeeh (1980) and on the
thermodynamic constant of water formation from edats (Stull et al., 1969).
Assuming that redox conditions in the gas equitibrezone are fixed by either Eqns.
(10.13) or (10.14) and water fugacity is constrdibg Egn. (10.6), the temperature
dependence of the theoretical¥X 20 ratio in a single saturated vapor phase can be
easily computed.

10.3. Geothermal gas equilibria in the J@-H,-N,-NH3 system
Ammonia and Mare involved in the following redox reaction (Gaydpach, 1980,
modified):

N, +3HO =2 NH+320 (10.49)

whose equilibrium constant can be written as

L =tog ™5 tiog ™5 Ziogk - Biogt - +2log 10.50
N 7109 — g - =logK, - Slogf, +2logf, - (10.50)

N2 HZO

Eqn. (10.50) indicates that theoreticaltalues are controlled by temperature, redox
conditions and water fugacity in the gas equiliorazone. On the basis of the
thermodynamic data of Stull et al. (1969), the terapure dependence of the
thermodynamic constant\€s described by:

logK ,, = - 3.996- %?33. (10.51)
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Again, assuming that redox conditions in the gasligation zone are fixed by suitable
for-buffers, e.g., Eqns. (10.13) or (10.14), and whitgacity is constrained by Eqgn.
(10.6), the temperature dependence of the thealéticvalues in a single saturated
vapor phase can be easily computed.

10.4. The H-Ar geoindicator

Giggenbach (1991a) derived a-Ar geoindicator which is based on the strong
dependence of;f on temperature and on the assumption that th@@teat of
hydrothermal fluids derives almost entirely fromsaturated meteoric waters involved
in the recharge of these systems. A derivatigghdl different from that of
Giggenbach (1991a) is presented hereunder.

First of all, it is convenient to test the Giggealva hypothesis, i.e., to verify if
the Ar contents of fumarolic fluids are equal togk of air-saturated groundwaters or
not. This exercise is conveniently carried out ams of a KD-N,-Ar triangular plot
(Fig. 10.6), where the fumarolic samples are ptbtegether with the points
representative of atmospheric air and air-saturgtedndwaters at 5, 10, 15 and 20°C.

Fig. 10.6. Triangular plot $#D-N,-Ar, showing analytical data of Vesuvius fumaroles
and the compositions of atmospheric air and ofaitrated groundwater at 5-20°C
(from Chiodini et al., 2001b).

The composition air-saturated groundwaters is yasinputed referring to the
solubility data of Wilhelm et al. (1977) and coresiithg that the average atmospheric
partial pressures of Ar andldre 0.00934 bar and 0.7808 bar, respectively. For
instance, at 12°C i = 31289 and K. = 69013 bars (mole fractiof)therefore log
Xar =-6.52 and log ¥, = -4.95.

As already recalled, according to Giggenbach (1a8@ log (fi»/fl20) @og
(Xn2/Xn20)v of hydrothermal fluids is buffered by the (FeQ)FeQ ) redox buffer of
the rock system at —2.82, at any temperature efest. Assuming that theaXX20
ratio in the liquid phase is equal to that of agerair saturated groundwater, and
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admitting that X2o is close to unity, both in the liquid and vapoapés, the X/ Xi20
ratio in the vapor phase is given by:

X X
log —A— =logB, +log —2— =logB,. - 652. (10.52)
X Ar X Ar
HZO H.O
\Y 2 L

The theoretical X,/Xx ratio in the vapor phase is readily obtained ases:

X X
H H
log = 2. =log 2. -log A~ =

X X 1053
Ar v HZO Vv HZO Vv ( )

- 282- IogBAr +652=37- IogBAr.

The vapor-liquid distribution coefficient of Ar related to temperature by the following
linear equation (data from Naumov et al., 1974s ini°C):

log Bar = 6.4822 - 0.0160 T. (10.54)
Therefore, the BHAr ratio in the vapor phase is linked to tempematoy this equation:

X
H
log ——+  =- 278+0016T. (10.55)

AI’V

A similar expression holds true for the liquid pbaas already observed by Giggenbach
(1991a):

X
H

log —2 =-253+0.014T. (10.56)
XAr

L

The similarity of the two expressions is not susimg because the vapor-liquid
distribution coefficients of Fland Ar are quite similar.

These two equilibrium relationships are used, tlogrewith equations (10.24) and
(10.36), to construct the theoretical grid in that pf 10g(Xu2/Xn20) VS 10g(Xq42/ X ar) Of
Fig. 10.7, also showing the analytical data of fuwhiea gases, in this case from the
island of Nisyros, Greece (from Brombach et alQ320Most points distribute close to
the liquid composition, at temperatures close t@°85 indicating that these thermal
conditions are present in the roots of this geatia¢system. Also shown in Fig. 10.7
are the effects of air contamination and steangensation, which are presumably
responsible for the department of some samples thenequilibrium composition in a
liquid phase at+350°C.

Applications of the HHAr geothermometric function are promising, althbuiy
may be affected by loss of Ar from the hydrothernmeslervoir through boiling. If this
process takes place, Ar is lost once for all, whaelé is contributed again by 4@
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dissociation. This leads to overestimation of afrilm temperatures (Brombach et al.,
2002, 2003).

Other uncertainties derive from the salinity af tieothermal liquid phase, which
is typically unknown when dealing with fumaroliciitls. However, the solubility of the
gas species of interest, including Ar, in high1si&i aqueous solutions can be estimated
following the approach of Chiodini et al. (2001Bjr instance, the plot of
log(Xn2/Xn20) VS 10g(X42/X ar) Of Figure 10.8 was prepared for gases dissolwirigm
NaCl (Gambardella, 2001).

Fig. 10.7. Plot of log(¥2/Xn20) VS log(X+2/X 1) for the fumarolic gases of Nisyros,
Greece (from Brombach et al., 2003, modified).

Fig. 10.8. Plot of log(¥X2/Xu20) Vs log(X42/X ar) for the fumarolic gases of La Solfatara,
Italy (from Gambardella, 2001).
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11. ThedD and d'®0 values of geothermal fluids

ThedD andd*0 values of liquids circulating in deep, high-temaiare
geothermal systems are controlled by several psesesncluding (Giggenbach, 1991b):
(1) rock-water®O exchange, (2) mixing of different waters (meteovaters, marine
waters, connate waters, magmatic waters, ...)(&nsteam separation (boiling).

11.1. The rock-watet®0 exchange
The'®0 exchange between a geothermal liquid and a ghiaeral is governed,
at equilibrium, by the fractionation factaas,.,, which is defined as follows:

180
160

< :Tm
g *

(11.1)

Equilibrium isotope fractionation factors can benguted through the partition
functions, i.e., mathematical relationships confiogn statistical mechanics (e.qg.,
Richet and Bottinga, 1976; Richet al al., 1977;fi€e 1982; O’Neil, 1986).

Thean.w values increase with increasing strength of theemsbal bonds holding
oxygen atoms into a given mineral lattice. Quard ealcite have highn. values,
whereas feldspars have lay., values (see insert in Figure 11.1, wheyg, = 1000
Inam-wis reported against temperature). In general, biuin isotope fractionation
factors are temperature dependent and approachiéh(weans zero fractionation)
with increasing temperature. However, the,, values of quartz, calcite, and feldspars
are significantly >1€,.,, >0) for temperatures lower than 400°C.

The decrease in temperature brings about alsoc&k decrease in the kinetics of
the'®0 exchange between minerals and water. Therefieenrichments in Na-Cl
geothermal liquids with respect to meteoric watessially called “shifts”) have been
traditionally considered as indicators of high temgtures (>150 °C) in the geothermal
reservoirs of provenance (e.g., Truesdell and ldn|st980 and references therein).
However, the®®O shifts depend also on the initial isotope commsiof the liquid and
solid phases involved in the exchange process bh&sven the water/rock ratio, or on
system dynamics (Giggenbach, 1991b, see below).

These'®0 shifts are not accompanied by hydrogen isotojfes drecause (i) rock
minerals contain little hydrogen and (ii) waterkaatios are usually relatively high
and, consequently, the hydrogen of rock minerat®tsa significant fraction of the total
hydrogen of the water-rock system, which is donaddty water.

Referring to the geothermal systems of New Zeal@igigenbach (1991b)
underscored the differences between Ngawha andaRéai(Fig. 11.1).

At Ngawha (temperatures up to 320°C), the leastelil water is remarkably
enriched in°O with respect lo local meteoric waters and itris/&%o lighter than
rocks. Besides altered rocks hai/80 values, which are not much different from those
of unaltered rocks. Water approaches isotopic #gjiuim with rocks, since the system
is almost stagnant and rock-dominated.

At Wairakei (temperatures close to 260°C) tf@ enrichment of the geothermal
liquids with respect lo local meteoric waters isafiim~1.2 %o, and altered rocks are,
with d*®0 values of 2.5 to 5 %o, much lighter than unaltexks, whosei'°O values
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range from 7 to 9 %.. Wairakei appears to be a dynianater-dominated geothermal
system, i.e., flushed by large water flows.

This distinction between stagnant, rock-dominatedesns and dynamic, water-
dominated (Giggenbach, 1991b) is more reasonahfettiat based on the water/rock
ratio.

Figure 11.1dD andd*0 values of shallow and deep thermal waters amdealtand
unaltered rocks form different geothermal systdmshe insert the equilibrium
fractionation factors between minerals and watercampared with those observed in
some geothermal systems (from Giggenbach, 1991b).

11.2. Mixing of different waters
A second type of processes affectingdBeandd*®0 values of geothermal

liquids is mixing between local meteoric waters araders of different origin, such as:
(i) marine waters (e.g. Campi Flegrei in Fig. 1}1(fi) high-salinity waters or connate
waters, especially in sedimentary basins; exangfléss class of waters are
represented by the brines circulating in the geathésystems of Salton Sea and Cerro
Prieto, whose high salinity is ascribable to leaglof evaporite rocks; the interaction of
these stagnant brines with fine grained sedimertengperatures close to 350°C
explains their enrichment #0; (iii) magmatic waters, as anticipated in the
Introduction.

The andesitic or arc-type magmatic water, whicthigracterized bgD values of
-10 to -30 %o, is found in all the geothermal areasited along convergent plate
boundaries as well as in areas which were affdayesiibduction in a geologically
recent past (e.g., Tyrrhenian Central-Southerg)ltéh some of these volcanic areas
(e.g., Amatitlan and Zunil, Guatemala, and MiraesllCosta Rica), if the involvement
of andesitic water is ruled out, dilution trendsulebimply that geothermal waters
derived from rain waters infiltrating at low eleiats mix with shallow groundwaters
infiltrating at high elevations, which is a ratlggreer hydrogeological model.

It must be recalled that the isotopic ratios of Bmary mixture made of, for

instance, a thermal endmember and a cold endmeandeonstrained by the following
general binary mixing equation (Faure, 1986):
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_ dT >CT X +dF>CF >(1- Xx)

M CM

d

(11.2)

where subscripts M, T, and F identify the binarxtoie, the thermal endmember and
the cold endmember and x is the fraction of thenttaé component in the mixture. IC

Ce Cu the binary mixing line is a hyperboladn C andd - d spaces, but it becomes
a straight line in thd - (1/C) space. Since water is by far the major ponent of any
aqueous solution,{& Cr = Gy, and Eqn. (11.2) reduces to:

duw = dr X +dr (1-X) (11.3)

which is equivalent to Egn. (6.1). As a consequengring lines are straight lines in
thed - Candd - d spaces, but this is the exception, not the rulactawhich cannot be
forgotten when working with isotope ratios of cheaticonstituents different from
water.

11.3. Steam separation

Steam separation (boiling) takes place when thenagessure (plus the sum of
the partial pressures of dissolved gases) of heghperature (>>100 °C) geothermal
waters uprising towards the surface exceeds theobtatic burden. This process brings
about isotopic fractionation, with heavy isotopesaentrating in the liquid (at any
temperature fot?0 and at temperatures below 229°C for deuteriuempnre water
system) whereas the vapor phase is obviously dpietheavy isotopes.

The isotopic fractionation factor decreases apgmo@cthe critical point both for
%0 and D. It is recalled that the critical poinBig4°C, 221 bar for pure water, but
depending on the salt content of the Na@Brsystem (which is the obvious, simplest
analogue of the complex, natural geothermal liguithe critical point is shifted to
pressures and temperatures significantly higher thase of pure water (e.g., Bischoff
and Pitzer, 1989; Knight and Bodnar, 1989). Liquagor fractionation factors of O and
H isotopes for pure water from 0°C to the critimahperature are given by the
following relationships (Horita and Wesolowski, 299 in K):

_ T3 T2 T
10004n a =11588— - 16201—— + 79484——
L- V(D) 10° 10° 10°
. (11.4)
- 16104+ 2.9992%
T
(§) 9
1000¥n a = - 7.685+ 6.7123.1£ - 166642 + 0350410 (11.5)
L-V(**0) T T2 T3

Computed values of 1000 & .y are approximated to 1.2 %o $) for D and £0.11 %o
(1s) for *®0. Liquid-vapor fractionation factors for NaCl sttns from 0 to 5 m NaCl,
are computed by means of the following equationsithl et al., 1995):

1000%n G(D) =mx 0.01680%T - 13.79+ 3255

(11.6)
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1000xIn Gugoy= M x(-0.033 +8.93107 T2 -2.12 10° T°) (11.7)
where:
1000 InG: 1000 Inal_-V(pure Water)'looo |na|_-V(Sa|t soln.) (118)

m is the molality of the NaCl solution and T iskinComputed values of 1000 & .y

are approximated to +0.9 %o §) for D and +0.12%o(%) for °0. At temperatures
above 350°C, the fractionation factors can be abthinterpolating between the value
at 350 °C and 0 %o, i.e., the theoretical valuéatdritical temperature. Since at these
high temperatures the fractionation factors aratiredly small (-10 to 0 %o for H
isotopes and +1 to 0 %o for O isotopes), uncertagnin this interpolation have
negligible effects on boiling calculations.

Fractionation of O and H isotopes between liquidewand vapor attains
equilibrium almost immediately, even at temperaguriese to 100°C. Isotopic
fractionation depends also on the fraction of sajgal steam and the kind of separation
(single step, multistep or continuous).

Fig. 11.2.dD vs.d"®0 plot comparing observed and theoretical isotapees of vapor
and liquid produced through boiling of a parenttgeamal liquid (from Giggenbach
and Stewart, 1982).

In general, natural steam separation processesaaséactorily approximated by
the single step model (Truesdell et al, 1977; Gigpgeh, 1978; Giggenbach and
Stewart, 1982). In this case, thi@alues of the separated vapor and liqdided,, are
related to that of the initial liquidir, by the following mass balance:

dr=d_(1-y) +dvy (11.9)
and by the approximate relationship:

1000 Ira.y = dy. - dy. (11.10)
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For isoenthalpic steam separation y is calculdteslgh Eqn. (6.5). The following
relationships are easily obtained from Eqns. (14r@) (11.10):

d =dy + y 1000 ¢TI (11.11)
dy = dr - (1-y) 1000 lmy (11.12)

They allow one to compute the theoretid@l andd'®0 values of the separated vapor
and liquid during the evolution of the process.tker theoretical models involve
boiling of diluted waters, absorption of maximuniteipy steam in local groundwater
(Giggenbach and Stewart, 1982), and condensaticm(Bach et al., 2000). Theoretical
values can be compared with observed valuesii es. d'?O plot (Fig. 11.2).

Fig. 11.3.dD vs.d"®0 plot showing the non-equilibrium surface evaporageffects of
steam-heated pools (from Giggenbach and Stew&8£)19

The isotope composition of acid sulfate watersteam-heated pools (which are
produced through input of steam in very shallowgtagnant surface waters) reflects
instead non-equilibrium surface evaporation (Gidgem and Stewart, 1982). This
process brings about dramatic enrichments in hesstgpes, with respect to local
meteoric waters (Fig. 11.3). The slope of the ghrialine connecting data poins from
steam-heated pools is given by:

dD -dD . +e
Si Wi D

s_= 11.13
P d%_-d%0  +e (1143
si wi 18

where the subscripts si and wi refer to the steat@rimg the pool and to local
groundwater, respectively, wheresss the average kinetic isotope fractionation fgcto
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which is close to 50 %. for D and 16%. f§0, according to Giggenbach and Stewart
(1982).

In the previous discussion it was implicitly assahtieat analyticatiD andd*?0 values
of water vapor are fully representative of its ggot composition at any P, T condition.
However, this is not always true.

Chiodini et al. (2000) showed that tBfOco,.120for geothermal and volcanic
vapors is very close to the theoretical oxygenoigetfractionation factor between
COyg) and HO() at outlet temperatures, suggesting that thesespgoies are in
isotopic equilibrium at outlet conditions (Fig. 4})..

Fig. 11.4. TheD"®0cos.1200f vapors discharged from lItalian volcanic and logdermal
areas is plotted against outlet temperatures. Etieal equilibrium fractionation factors
according to Friedman and O’Neil (1977) and Ridtedl. (1977) are shown for
comparison.

This implies that the oxygen isotope exchange beteQ g and BO, is a quick
process. Therefore the correct interpretation eftfO values of geothermal vapors
demands to correct the analytichfO values of HO for the isotopic exchange with
CO,. Obviously, this correction is important for géich vapors. The initiad"®0 value

of water,d'®0 120, (i.€., in the geothermal reservoir), is calculdtedn the finald'®0
value of waterd®0 1120 (i.e., at the surface discharge), combining a Ergygen
isotope mass balance with the oxygen isotope @maation factors under both initial and
final conditions, thus obtaining the following retaship:

2xX

18 _ 418 CO2
d OH o =d OH of —><(1000><In a, - 1000>4naf) , (11.14)
2 2 1+ XCO
2
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wherea identifies the oxygen isotope fractionation fadtetween CQg and HO(g),
whose temperature dependence is satisfactorilyagad by this third order polynomial
equation (Chiodini et al., 2000):

§)
10004na = - 5.7232+ 20.303§ - 11.9771%2 + 3.74321%9 , (11.15)

that closely fit the theoretical fractionation fait of Richet et al. (1977) below 400°C
and those of Friedman and O’Neil (1977) at higeengeratures, up to 1000°C.

More information is needed to evaluate the posditalctionation effects between
H,O and other H-species, mainly$i
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12. How much water and heat can be extracted from geothermal system ?

At this point the reader has probably realized there are many geochemical
technigues, more or less sophisticated, to estithateemperature and other intensive
properties of fluids circulating in geothermal gyss. The title of this section is,
instead, a question which is difficult to be ansseegbut of crucial importance in the
development of geothermal exploration-exploitafgwograms. Again, geochemistry can
play a fundamental role.

12.1. Total natural discharge based on Cl balance

It is common practice to estimate the total natdischarge (the fluxes of water
and heat) of geothermal systems, by measurinddiedte and chloride content of all
the thermal springs present in the surveyed arlia @ad Mahon, 1977). The natural
heat discharge represents the minimum recoveralele flow from the geothermal
system, assuming that the system is close to st&athy/conditions, i.e., that there is a
sort of balance between discharge and recharge.

First the chloride content and enthalpy of the pageothermal liquid, Gland
Hr, respectively, are reconstructed, by means oéthiealpy- chloride plot and other
geothermometric techniques. The following stefhesdalculation of the flow of
thermal component,gcontributed by each discharge of flowraie g

Or = Qu X, (12.1)
where the fraction of the thermal component x \v&giby Eqn. (6.1):
CIM - CIF
CIT - CIF

which reduces to x = @l/ Ch, if Cly, >> Cl. The total natural fluxes of water;Qand
heat,F 1, are then obtained by means of the simple equstion

« = (12.2)

Qr=Saqr (12.3)
Fr=Hr Qr. (12.4)

In general the results of these calculations urstienate the potential of the geothermal
systems, and this is particularly true for concgagstems.

12.2. The distribution of leakage indicators in gradwaters

A completely different approach was suggested dayahi (1970), largely based
on mining exploration strategy and on the transpbammonia and boric acid in the
vapor phase, which were described and explainddrbyat Larderello and The
Geysers. Tonani proposed to study the distributicthese substances, which he called
leakage indicators, in groundwaters, in order tecteprocesses of steam leakage from
deep-seated geothermal systems and determine yhteebpresence and extension.
After application of this methodology to many sysgethroughout the world, it turned
out that (i) ammonia is often controlled by fortuwis leaching of organic-rich sediments
and (ii) boric acid anomalies caused by geothestam input are sometimes
detectable in steam-heated pools but never in ghwaters.

On the other hand, a good correspondence was @asenvTyrrhenian Central

Italy (Marini and Chiodini, 1994; Chiodini et al995c), between (i) surface areas of
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high CQ fluxes, outlined on the basis ofd? distribution in shallow waters and (ii)
areal extension of geothermal reservoirs of highapy (Monte Amiata and Latera),
medium enthalpy (Torre Alfina) and low enthalpy @/bo). These geothermal
reservoirs, which are mainly made up of permeabibanate rocks and are covered by
impervious fine grained clastic rocks, act as tr@ipdeeply originated CQ(Fig. 12.1).
Gases rich in C@are released towards the surface even througtelduevely

impervious layers of the cover rocks: these gassdlye in part in shallow waters, and
in part reach the atmosphere mainly through dife@kedegassing. Therefore, highd?
values in groundwaters are effective indicatorthefpresence of geothermal reservoirs
at depth and can be used to map their extension.

Figura 12.1. Conceptual geochemical model of theeTAlfina geothermal field (from
Barelli et al., 1978).

12.3. Diffuse CQ degassing through soil

Both laboratory tests and field surveys have prdthanthe best method to
measure the soil COlux in geothermal and volcanic areas is the aadation
chamber method, which allows one to obtain reliaalees of CO, in the range 0.2 to
over 10,000 g Md™, i.e., from the low CO, values sustained by decay of organic
matter to the higl CO, values typical of steaming grounds (Chiodini et B998).

The average run time forjaC O, measurement is about 1 minute. Thus detailed
maps off CO, can be obtained in a relatively short time. TI&O; is largely variable in
space as shown by these maps that give promineraive faults and fractures acting
as uprising routes of deep gfch geothermal or magmatic gases. Maps©0O, can
be used to estimate the total diffuse &Dtput from the entire system provided that a
sufficiently large numbers of measurements areopewd. Moreover these maps allow
one to select restricted areas where repeated negasuts of CO, can be carried out
to investigate the temporal evolution of the system

Recent measurements of diffuse @gassing through soil in the fumarolic
areas of the Lakki plain, Nisyros Island, Greece(@ach, 2000; Brombach et al.,
2001, 2002), and Solfatara di Pozzuoli, Campi Fedtaly (Chiodini et al., 2001a),
coupled with temperature measurements at 10 cnindieate shown that there is a
good correspondence between highO, and high temperature areas (Fig. 12.2).

This suggests that both upflow of hot fluids frdme tinderlying boiling
hydrothermal reservoir and steam condensationarstinsoil are responsible for the
highj CO, values and the elevated soil temperatures. AtrN$s\a total hydrothermal

91



CO, flux of ~ 68 t d" was calculated for the surveyed area of 1.3 kn1997.
Assuming that the diffuse gas is derived from hyleanal fluids having the same
chemical composition of those discharged by neartmaroles and that their chemistry
Is not biased by steam condensation, it turnshaitthis hydrothermal CQOs
accompanied by a flux of steam of 2200% dorresponding to a heat flux of ~ 58 MW.
Following the same approach, a heat flux of 88 MAswbtained for the Solfatara of
Pozzuoli (Chiodini et al., 2001a), where the di€ulegassing areai6.5 knf, the
hydrothermal C@flux is 1520 t & and the steam flux is 3350 td

Both at Nisyros and Solfatara, the heat flux was abmputed from thermal
gradient measurements in the soil (0-40 cm), assyiireasonable value for the
thermal conductivity of soil. The fluxes of therneadergy computed fronCQO, data
agree with those obtained from thermal gradientsmesanents, supporting the
hypothesised conceptual model.

Fig. 12.2 Contour maps of IggCO; (left) and temperature at 10 cm depth (right) for the
southern part of the Lakki plain, Nisyros Islande€&ce (from Brombach, 2000;
Brombach et al., 2001)

These first results obtained at Nisyros and Salfashow that the direct expulsion of
hydrothermal gases from relatively small diffusgatgsing areas is the main process
through which these volcanic-hydrothermal systemsipiate thermal energy. G@ux
measurements constitute, therefore, a powerfulttoquantify these phenomena, which
are of upmost importance in geothermal exploration.
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Table 1. Chemical composition of selected geothermal aateclake waters
(concentrations in mg/kg, temperature in °C).

Na-Cl waters

Place Code T pH Na K Mg Ca Cl S HCO; Ref
Ngawha NG-9, NZ NG 230 7.70 893 79 0.11 3 1260 18 185 a
Jubilee Pool, NZ NG 56 7.20 842 72 1.6 9 1180 174 393 a
Wairakei WK66, NZ WK 240 8.50 995 142 0.04 17 1675 30 0 a
Champagne pool, NZ WK 99 8.00 1070 102 04 26 1770 26 76 c
Broadlands BR-11, NZ BR260 7.40 675 130 0.011 1 964 41 376 a
Ohaki pool, NZ BR 98 7.10 860 82 0.1 3 1060 100 680 c
Miravalles 10, C.Rica MV 250 7.80 1750 216 0.11 59 2910 40 27 a
Sal.Bagaces, C.Rica MV74 8602063 8 66 33 2700 102 739 a
Zunil ZQ-3, Guatemala ZU 295 8.10 563 139 0.007 9 1091 19 31 a
Cerro Prieto 19A, Mexico CP 280 7.38600 1260 0.27 333 10500 14 40 c
Spring N29, Mexico CP 80 7.6(6120 664 4.6 357 8790 31 65 c
Tongonan, Philippines TO330 7.00 3580 1090 0.2 128 6780 16 12
Banati spr, Philippines TO 98 8.30 1990 210 04 86 3400 74 7
Morere spring, NZ MO 47 7.00 6690 84 79 2750 15670 nd 28 a
Salton Sea well, USA SS 330 5.AB40013400 10 22010118400 4 140 ¢
Seawater SW 4 7.8010760 390 1290 410 19340 2710140 a
Araro spring, Mexico AR 92 810 705 50 03 30 1010 135 63 b
Paraso spring, Solomon Is. PR 56 5.4210 178 26.6 289 2340 205 6 b
Yasur spring, Vanuatu YA 99 8.80 1270 73 03 17 1690 280 75 b
Maui well, NZ MA 130 7.50 7880 440 48 190 12600 18 630 b
La Castalia spring, Guatemala CA92 843 446 25 0.0938.79 549 143 144 d
La Cimarrona spring, Guatemala Cl 94 848346 71 0.0073.14 746 166 137 d
Acqui Terme spring, Italy AT 70 8.04 665 14 0.16 135 1130 230 23 e
Plymouth spring, Montserrat PL 90 6.60880 1030 302 2510 18220 161 128 f
Mofete 2 well, Italy MF 310 6.34 4900 1140 0.5 465 9790 6 39 g
Abbe,Gibuti AB 99 765 989 29 0.18 240 1702 341 20 h

Na-HCO; waters

Place Code T pH Na K Mg Ca Cl S HCO; Ref
Waitangi, NZ WA 49 7.30 285 24 9 17 364 49 202 a
Omapere, NZ NG 30 6.90 62 9 10 37 25 nd 295 a
Golden Spr., NZ GS 45 7.00 224 20 7 11 51 8 670 a
Radkersburg, Austria RA 72 8.90 2215 182 47 3 264 398 4130 a
Te Aroha, NZ TE 79 8.102920 67 4 7 540 12606830 a
Zunil spring, Guatemala ZU9 700 384 32 39 17 172 234 635 a
Fang spring, Thailand FN 99 9.00 122 8 0.10 1 27 22 145 b
Acqui Terme spring, Italy AT 32 862 142 2 014 7.3 81 78 127 e
Gotthard tunnel, Switzerland GT32 9.70 60 0 0.0051.86 12 52 62 ]
Ban Nong Khrok, Thailand BN 72 7.85 177 11 340220 4 21 519 [
Pong Kum PK 96 860 131 9 0.133.01 11 25 299 i
San Kampaeng SK 98 9.20 159 14 0.0260.68 28 45 305 i
Tepanon, Thailand TP 99 890117 5 0.0041.68 10 13 238 i
Nam Mae Mon, Thailand NM 81 845 108 10 1.7 164 14 33 293 i
Ban Huai Mak Fai, Thailand BH75 830 92 10 100982 14 24 220 [
Sop Pong, Thailand SP 98 8.8306 7 0.0130.88 11 22 220 i
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Na-HCO; waters

Place Code T pH Na
Ban Pong Nam Ron, Thailand BP 97 8.9143
Ban Mae Chok Nai, Thailand BM62 7.45 168
Ban Ban Chen, Thailand BB 52 7.20 143
Pa Pae, Thailand PP 99 9.200
Fang, Thailand FN 99 9.20 124
Tekke Hamam spring, KZ, Turkey Kz 83 7.59 1070
Kizildere well, Turkey Kz 210 5.94 1070
Acid waters

Place Code T pH Na
El Chichon CH 56 0.56 607
Kawa ldjen,Indonesia KI 60 0.6QL030
Kawah Putih KP 26 0.62 65
Poas PO 60 0.00 500
Popocatepetl PP 65 1.50835
Mt Ruapehu, NZ RU 38 1.20 1120
Rincon de la Vieja RV 38 0.20 1630
Tamagawa, JP TA 98 1.30 38
White Island,NZ Wl 98 0.605910
Yakeyama YA 30 220 2
Yugama YU 33 1.00 67

K

8
18
12
6

8

101
121

K
232
1020
41
234
329
170
920
30
635
2
30

Mg Ca Cl S HCO; Ref
0.0181.76 20 48 238 i
0.8524.0 15 53 433 i
0.77 24.0 3 2 427 i
0.005 1.46 8 19 177 [
0.0181.38 19 25 220 i
0.20 0.71 91 10401580 k
0.0390.17 90 535 2200 k
Mg Ca Cl S HCO; Ref
424 211024030 3550 nd [
680 770 21800 62400nd a
48 78 6700 11965nd m
536 240031300 64800 nd n
2520 781 14200 23660nd o}
1750 1380 13240 14700 nd a
1450 1250 30700 51300 nd p
35 95 2970 2300nd a
3800 3150 38700 4870 nd a
1.2 22 1 378 nd q
78 466 2620 3510nd q

Referencesa: Giggenbach (1988); b: Giggenbach (1991a); aléyeet al. (1984); d: Marini et al.
(1998); e: Marini et al. (2000); f: Chiodini et §1.996); g: Balducci et al. (1985); h: Geotermitdidna

(1983a); i: Geotermica Italiana (1983b); j: Padtoet al. (2001); k: Guidi et al. (1990a); |: Calsavall et

al. (1984); m: Sriwana et al. (2000); n: Brantléale(1987); o: Armienta et al. (2000); p: Kempaed

Rowe (2000) ; g: Takano and Watanuki (1990).

Table 2 Aqueous species considered in speciation compngat

H,0 Al ca' H* HCOy K*
cr Al(OH);" CaCQuy  HClag COsaq KClag
F AlO, Cacf HFaq: COZ KHSO4.q
OH HAIO,q CaClag HF, KSO,-
SO” CaF HSO,
SiOyaq CaHCQ" HSIOy

CaSQqq
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Mg** Na'
MgCQ)(aq' NaA'Oz(aq‘
MgCI* NaCQy
MgF" NaClag
MgHCG;" NaRaq
MgSQ(aqj NaHCQ_g(aq'
NaHSiQ g
NaOHkq



Table 3 Dependence of total concentrations and total eoination ratios of
compatible constituents in hydrothermal agueoustswois on temperature,ck, and
salinity. The aqueous solution is assumed to beqgunlibrium with albite, K-feldspar,
either a Ca-Al-silicate and/or calcite (dependimgtbe Ro,), clinochlore, muscovite,
quartz, anhydrite, and fluorite (from Chiodini étE91a).

log mya = -0.527 + 0.982 lo§eq + 78.9/T + 0.0119 logcB;
log mx = +0.458 + 0.944 lo§eq - 1014/T + 0.0346 log:B>
log me,=-1.116 + 1.302 lo§eq - 0.390 log £y, - 443/T

log myg = -8.188 + 0.912 lo§eq + 2156/T + 0.356 logda.

log Myco, = -10.004 + 0.904 logdd, + 3223/T - 0.489 lo&eq
log Mso, = -12.503 + 4604/T + 0.501 log:& - 0.626 logSeq

log me = -5.069 + 798/T + 0.127 log:B, - 0.0886 logSeq
pH = +1.757 — 0.822 lo§eq + 1846/T - 0.0171 log:B

log (mya/mk) = -0.985 + 1093/T + 0.0384 Idgeq - 0.0228 log &,
log (mc2/myg) = +9.104 - 4184/T + 0.975 Idgeq - 0.286 log Eb,

log (mso4/mF2) =-2.364 + 3007/T - 0.449 Idgeq + 0.247 log £,

log (mk2/mey) = +2.031 + 0.459 logdd, + 0.585 logSeq - 1584/T

log (mcdmyg) = +7.073 - 0.746 log . - 2600/T + 0.390 loGeq

log (rmcoszlmsoa =-7.506 + 1.307 logdd, + 1843/T - 0.352 logeq

log (mya2/myg) = +7.134 + 1.052 loeq - 1999/T - 0.332 logd3,

log (Mya2/mey) = +0.061 + 0.662 lo§eq + 0.414 log B, + 601/T
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