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Abstract

The geochemistry of aquifer fluids of the Hellisheidi geothermal system, southwest Iceland, was studied. Based on samples
of vapor and liquid from well discharge fluids, the aquifer fluid compositions at the depth of the geothermal system were
reconstructed taking into account the highly variable degree of excess well discharge enthalpy, where the enthalpy of the dis-
charge is significantly higher than that of vapor-saturated liquid at the measured aquifer temperature. Decreasing concentra-
tions of non-volatile components such as Si in the total well discharge suggest that the main cause of elevated discharge
enthalpies is liquid-vapor phase segregation, i.e. the retention of liquid in the aquifer rock due to its adhesion onto mineral
surfaces. Moreover, the slightly lower than equilibrium calculated concentrations of H, and H,S in some of the hottest and
highest-enthalpy wells is considered to be caused by conductive heat transfer from the rocks to the fluids. Alternatively, the
cause may lie in the selection of the phase segregation conditions. The calculated concentrations of volatile species in the aqui-
fer fluid are very sensitive to the assumed phase segregation conditions while non-volatiles are not greatly affected by this
model parameter. In general, the level of uncertainty does not contradict previous findings of a close approach to fluid—min-
eral equilibrium at aquifer temperatures above 250 °C. The CO, concentrations were observed to fall below equilibrium with
respect to the most likely mineral buffers, suggesting a possible source control. Elevated H, concentrations indicate a small
equilibrium vapor fraction in aquifer fluids (~0.2% by mass or ~3% by volume). Previous conceptual models of the Hengill
volcanic area (e.g. Bodvarsson et al., 1990) have implied a central magmatic heat source underlying the Hengill central vol-
cano. Instead, a new conceptual model of the Hellisheidi system is proposed that features two main regions of fluid upflow
heated by a complex of dikes and sills associated with an eruptive fissure active during the Holocene.
© 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The state of knowledge of volcanic geothermal systems
has been greatly advanced in recent decades by studying flu-
ids and mineralogy from wells drilled deep into the systems.
These studies have revealed that secondary mineral-fluid
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equilibria is closely approached in such systems for most
components, at least when temperatures exceed ~150 °C
(Browne and Ellis, 1970; Browne, 1978; Ellis and Mahon,
1977, Giggenbach, 1980, 1981, 1988; Arndrsson et al.,
1983; Stefansson and Arndrsson, 2000, 2002). The concen-
trations of non-volatiles such as chlorine and volatiles like
carbon and sulfur may also be source controlled, originat-
ing from recharging waters, magmatic gas, and rock
dissolution (Armansson et al., 1982; Giggenbach, 1992).
However, one major problem in reconstructing aquifer fluid
compositions from measurements of the liquid and vapor
discharged at the surface is that wells drilled into boiling,
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high-enthalpy systems often show ‘excess’ enthalpy, or a
higher vapor-to-liquid ratio, than result from adiabatic
boiling of a vapor-saturated liquid at the measured aquifer
temperatures (Pruess and Narasimhan, 1982, D’Amore and
Celati, 1983; D’Amore and Truesdell, 1985; Arndrsson
et al, 1990, 2010; Karingithi et al., 2010; Stefansson
et al., 2011). As a result, quantitative understanding of fluid
sources, mass movement and processes occurring in the
geothermal aquifers and acting upon fluid ascent to the sur-
face is often difficult.

Depressurization boiling along water vapor saturation
in producing aquifers and wells of volcanic geothermal sys-
tems causes cooling and elemental separation between va-
por and liquid produced. Volatiles such as CO,, H,S and
H, preferentially enter the vapor phase whereas non-vola-
tiles including Si, Na and Cl become enriched in the boiled
liquid. This may lead to physiochemical changes of the sys-
tem including mineral supersaturation and precipitation,
thus changing the composition of the aquifer fluid upon as-
cent to the surface where samples are commonly collected
at the wellhead. Heat transfer from the hot rock to the ris-
ing fluid may enhance boiling, resulting in an increased va-
por fraction or enthalpy at the surface without affecting the
total (two-phase) chemical composition. Previous studies
have shown that adhesion of the liquid phase onto mineral
surfaces in the porous, fractured aquifer rock upon rapid
depressurization boiling, termed ‘phase segregation’, is
dominantly responsible for producing excess well discharge
enthalpies in boiling geothermal systems (Arndrsson et al.,
1990, 2010; Gudmundsson and Arndrsson, 2002; Karingi-
thi et al., 2010). Physically, this process is a consequence
of the low relative permeability of liquid and high capillary
pressures that develop at intermediate vapor saturations.
For wells affected by phase segregation, models aimed at
reconstructing initial aquifer fluid chemical compositions
from surface discharge measurements need to take into ac-
count open-system boiling processes.

This study extends the work of Arndrsson et al. (1990,
2007, 2010) aimed at quantitative modeling of aquifer fluids
in geothermal systems from samples collected at the sur-
face. In previous studies, the level of uncertainty associated
with the model calculations was unclear. This study seeks to
constrain this uncertainty, especially for volatile compo-
nents, both by theoretical consideration of the equations
of mass and energy conservation and direct application
by calculating aquifer fluid compositions for a multitude
of excess enthalpy discharge samples at a wide range of pos-
sible phase segregation conditions. Moreover, the dataset
was used to construct a conceptual geochemical model of
the reservoir that describes the fluid upflow and recharge
zones. More generally, this study highlights the challenges
posed by boiling geothermal systems in terms of assessing
aquifer fluid geochemistry for excess enthalpy well dis-
charges observed in a wide variety of settings (e.g. Arellano
et al., 2005). Additionally, it demonstrates that, despite the
uncertainties resulting from chemical analysis and model
calculations, fluid geochemistry can provide a coherent
picture of the physiochemical state of high-temperature
geothermal reservoirs.

2. THE HELLISHEIDI GEOTHERMAL SYSTEM

The Hellisheidi geothermal system, located in SW-Ice-
land, is a part of the Hengill volcanic system, situated at
the juncture of the North American plate, the Eurasian
plate and the Hreppar microplate (Fig. 1). The two largest
geothermal power plants in Iceland are being operated in
the area, Nesjavellir (120 MWe installed electrical capac-
ity + 300 MWth  thermal energy) and Hellisheidi
(303 MWe + 133 MWth). The dominant structure is a
SW-NE oriented complex of normal faults and volcanic fis-
sures that has produced thick sequences of basaltic hyalo-
clastites and lava flows (Szemundsson, 1967, 1992).
Postglacial volcanism at Hengill has been confined to three
major events dated at ~10,300, ~5700 and ~1800 years
b.p., respectively (Sinton et al., 2005). The heat source for
the system is believed to be a complex of solidified dykes,
sills and intrusions that are scarce above 1.5 km depth
but become dominant with increasing depth (Arnason
et al., 2010).

The primary rocks associated with the Hengill system
are mostly basaltic with layers of subglacially erupted hyal-
oclastic formations intercalated with subaerially erupted
lava flows. The primary mineralogy of the rocks consists
of olivine and plagioclase phenocrysts with plagioclase,
pyroxene, olivine, Ti-Fe oxides and glass in the ground-
mass (Seemundsson, 1967, 1992). Subsurface alteration
mineralogy in the Hellisheidi system consists of four
alteration zones with increasing depth (temperature): the
smectite-zeolite zone, the mixed-layer clay zone, chlorite—
epidote zone and the epidote-actinolite zone. Other com-
mon alteration minerals include quartz, calcite, prehnite,
Fe-sulfides, K-feldspar and albite, wollastonite and wairak-
ite (>180 °C) (Schiffman and Fridleifsson, 1991; Larsson
et al., 2002). Episodes of heating or cooling may cause sec-
ondary minerals to be present that do not match the exist-
ing reservoir temperature.

Previous conceptual models of the Hengill area have in-
voked a common upflow zone for the two wellfields linked
to a shallow magma chamber located underneath the Heng-
ill central volcano (Bodvarsson et al., 1990). However, di-
rect temperature measurements obtained from recent deep
drilling in the northern part of the Hellisheidi well-field
show decreasing temperatures toward the Hengill central
volcano (Gunnarsson et al., 2010). The reduction in seismic
wave velocities observed >3 km depth is stronger for
P- than S-waves, contrary to what would be expected if a
shallow magma chamber were present (Foulger, 1995;
Tryggvason et al., 2002). Additionally, the 0D values of
Nesjavellir discharge fluids are close to that of present-
day precipitation found in the southern part of the Lang-
jokull icecap 60-80 km to the northeast (—729%, to —77%,)
(Sveinbjornsdottir and Johnsen, 1992), while the 0D values
of well discharges in the Hellisheidi area are much higher
(~—659,), closer to the values observed in local precipita-
tion (Mutonga et al., 2010). This evidence suggests that
the Nesjavellir and Hellisheidi wellfields have distinct fluid
source regions, and by implication, do not share a common
upflow zone.
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Fig. 1. Map of the Hellisheidi geothermal area. Inset shows the approximate locations of the main active volcanic belts and the location of the

study area in SW-Iceland.

3. SAMPLING AND ANALYSIS

The basis of this study is 33 two-phase well discharge
samples collected in 2008-2010. The sampling and analyti-
cal procedures have been previously described in detail
(Arndrsson et al., 2006). A summary of the analytical meth-
ods and precision is provided in Table 1. The analytical
uncertainties indicated by Table 1 and the ionic balance
for each sample listed in Table 2 are generally smaller than
the uncertainties related to model calculations of aquifer
fluid compositions, as discussed in detail below.

The liquid and vapor phases were separated using a We-
bre separator. Vapor samples were collected into evacuated
gas bulbs containing 5-10 ml 50% w/v KOH. The concen-
trations of CO, and H,S in the vapor condensate were
determined by modified alkalinity titration (Stefansson
et al., 2007) and a precipitation titration method using
Hg-acetate and dithizone indicator (Arndrsson et al.,
2006), respectively. The non-condensable gases including
H,, N,, Ar and CH4 were analyzed by gas chromatography
(GO).

The liquid phase samples were cooled down using a
stainless steel spiral that was connected to the Webre

separator and filtered through 0.2 pm filters (cellulose ace-
tate) into polypropylene and amber glass bottles. Samples
for major cation analysis were acidified with 0.5 ml concen-
trated HNO; (Suprapur, Merck) per 100 ml sample and
determined using ICP-OES. Two samples for major anion
analysis were collected, one not further treated for F and
Cl determination and another to which 2% Zn-acetate solu-
tion was added for SO, analysis. All anion analyses were
carried out using ion chromatography (IC). Samples for
determination of CO, were collected into amber glass bot-
tles and analyzed using the modified alkalinity titration pre-
viously mentioned (Stefansson et al., 2007). Dissolved H,S
was titrated on-site using the method previously described
(Arnorsson et al., 2006). The pH was analyzed on-site
and in-line within a few seconds of sampling at ~20 °C
using a flow-through cell.

4. LIQUID AND VAPOR COMPOSITION

The chemical compositions of the liquid and vapor sam-
ples collected at Hellisheidi are listed in Table 2. The fluids
are dilute (<500 ppm Cl) and typical for systems recharged
by meteoric water in Iceland (Arnodrsson, 1995). The



S. Scott et al./ Geochimica et Cosmochimica Acta 124 (2014) 170-189 173

Table 1

Summary of analytical methods used for liquid and vapor phase samples and precision obtained for duplicate (liquid phase) or replicate

(vapor phase) analyses.

Component Analytical method

Measured concentration range (ppm)

Mean % deviation® Standard deviation”

Liquid phase

CO, Titration 9.96-87.8

H,S On-site titration 22.9-75.1

Si ICP-OES 626-1012

B ICP-OES 0.38-2.52

Na ICP-OES 137.9-256.9

K ICP-OES 25.5-47.8

Ca ICP-OES 0.22-1.29

Mg ICP-OES <0.001-0.0065

Fe ICP-OES <0.005-0.072

Al ICP-OES 1.19-2.01

Cl IC 101.3-205.0

SO, IC 6.3-19.1

F IC 0.5-1.4
Vapor phase

CO, Titration 1191-7259

H,S Titration 190-1183

H, GC 0.6-68.7

CHy4 GC 0.6-15.2

N, GC 14.6-577

Ar GC 0.38-19.39

4.8 34
1.0 0.7
0.5 0.3
0.9 0.5
0.9 0.6
0.6 0.3
2.4 1.9
16.7 11.2
44 2.9
0.5 0.4
0.5 0.2
0.9 0.5
2.7 1.4
4.1 1.6
4.6 2.4
3.8 23
4.7 2.9
10.6 6.2
17.4 9.1

# Mean percentage difference between duplicate/replicate determinations.

® Standard deviation of mean percentage deviation.

measured discharge enthalpies ranged from 1043 to
2757 kJ kg~ !. Of the 21 wells sampled only four are liquid
enthalpy, where the enthalpy of the produced fluid is the
same within the error of measurement as that of steam-
saturated liquid at the aquifer temperature (i.e. A%
= I/""). The other wells display variable degrees of excess en-
thalpy, with three of the wells discharging almost dry steam.
Silica, Na and CI are the dominant components in the
liquid phase with concentrations in the range of 613-
1010 ppm, 22.6-255 ppm and 25.7-362 ppm, respectively.
The volatile gases including CO, and H,S are preferentially
found in the vapor phase at the sampling pressures
(4-15 bar) with concentrations in the range 758-7587 ppm
and 119-1607 ppm, respectively. Nonetheless, considerable
concentrations are also dissolved in the sampled liquid
phase, with up to 93.3 and 77.4 ppm CO, and H,S, respec-
tively. The other major gases include H,, N,, Ar and CH,4
with concentrations in the vapor of 0.6-68.5 ppm, 14.7—
577 ppm, 0.4-22.2 ppm and 0.6-15.2 ppm, respectively.

5. PROCESSES LEADING TO EXCESS ENTHALPY

Aquifers of liquid dominated high-temperature geother-
mal systems may be either sub-boiling or consist of two
phases, liquid and vapor. In the case of sub-boiling aqui-
fers, pressure drop due to decreased hydrostatic head of
the ascending fluid results in boiling within the well. Under
these conditions, it is reasonable to assume that the system
is isolated, i.e. the enthalpy and the mass of the aquifer
fluid are conserved on the way up to the surface. Such well
discharges are characterized by low to intermediate

discharge enthalpy (>1200 kJ kg~') depending on the aqui-
fer temperature (usually >275°C). In the case of two-
phase aquifers, intensive boiling begins in the aquifer rock
itself upon depressurization or addition of heat. Well dis-
charge enthalpies from such systems can be greatly in ex-
cess of the initial fluid enthalpy, even approaching that
of pure vapor (~2780 kJ kg™!). Depressurization is accom-
panied by a decrease in fluid temperature along the two-
phase saturation curve, resulting in the establishment of
a temperature gradient between rock and fluid initially in
thermal equilibrium (Henley and Hughes, 2000). Conduc-
tive heat transfer from the aquifer rock to the fluid in-
creases the relative proportion of steam without affecting
the total two-phase fluid composition. It is likely to be
most significant where a decrease in fluid pressures has
led to the development of extensive boiling zones within
the rock formation, as the maximum heat gain from con-
ductive heat transfer from the rock formation to the fluid
flowing up the wellbore is likely to be only on the order of
0.1 MW (Grant and Bixley, 2011).

Consideration of the flow and physical properties of
liquid/vapor and geochemical evidence indicate that
segregation of liquid and vapor during flow toward the
wellbore is the dominant cause of excess discharge enthal-
pies. Due to the much lower density of vapor, the liquid
rapidly becomes volumetrically a relatively minor compo-
nent of the flow upon depressurization boiling (i.e. for a
fluid at the boiling point with §'=1 at 7 =300 °C that
cools to 275 °C, S’ ~ 0.3). The strong decrease in the rela-
tive permeability of liquid at intermediate vapor saturations
and high capillary pressures contribute to causing liquid to



Table 2

Chemical composition of geothermal well discharges collected at Hellisheidi, SW Iceland.

Sample # Well# i, p%,  p™ 71/ T/, sk Liquid phase (ppm) Tonic  Vapor phase (ppm)
kI kg™! bar-g bar-g °C  °C balance
(% diff.)*
pH / °C SIOZ B Na K Mg Ca Al Fe F Cl C02 st SO4 COZ st H2 CH4 N2 Ar

10-5079 HE-47 2139 11 24 323 301 8.14 / 21 1010 1.80 148 36.3  0.001 0.27 1.58 0.008 1.07 203 46.7 22.9 6.4 —34 2281 767 28.5 193 21.6 0.64
10-5080  HE-19 1599  10.7 20.2 266 247 880 / 23 632 1.20 196 31.2  0.001 0.58 1.53 0.015 1.06 187 10.0 66.8 82 49 2306 871 32.0 2.12 16.1 0.56
10-5081 HE-30 2173 9.6 16.1 315 286 825/ 22 974 145 164 36.0 0.001 0.34 1.60 0.009 1.06 203 22.1 35.0 9.7 1.3 3736 865 28.3 2.82 21.0 0.63
10-5082  HE-15 1597 9.8 225 274 252 879/ 20 684 1.13 182 30.0 0.002 0.49 1.56 0.008 1.07 167 164 555 9.6 55 3660 823 18.7 3.32 558 1.24
10-5083  HE-17 2054 9.5 21.8 288 271 848 / 23 784 148 189 36.6 0.004 0.32 1.71 0.015 1.09 205 13.7 64.5 12 1.8 2938 1229 56.3 3.34 258 1.03
10-5084  HE-11 2047 9.6 19 282 268 871/ 22 744 1.07 173 329 0.002 0.22 2.01 0.007 0.97 161 47.4 52.1 11.9 04 4352 737 355 3.72 284 1.11
10-5085 HE-06 1548 9.6 18.5 264 248 8.67 / 23 628 0.67 162 257  0.006 0.49 1.93 0.070 1.02 101 87.8 57.3 9.1 —1.5 7587 723 359 3.06 31.6 1.05
10-5086  HE-46 1177 8 16 270 258 9.26 / 22 668 0.39 177 30.8  0.003 0.52 1.96 0.015 1.16 63 29.5 33.3 42.5 13.1 4256 206 0.7 6.93 208.2 6.20
10-5087 HE-52 1169 4 9.6 265 248 922/ 27 678 048 178 28.5 0.001 1.27 1.87 0.008 1.44 78 20.1 26.4 30.5 12.6 3922 119 2.0 1522 457.8 22.16
10-5163  HE-18 1385 10.1 137 274 257 892/ 21 678 0.88 170 29.5 0.001 0.31 1.90 <0.005 0.98 144 34.9 52.0 19.7 1.0 2435 639 25.8 6.58 70.1 1.76
10-5164 HE-09° 2757 105 13 289 275 7.25/ 186 819 2.67 172 346  0.010 1.18 1.20 0.141 0.89 204 29.4 747 - —6.7 2593 1412 57.8 0.99 14.7 0.60
10-5165 HE-57 1043 6.2 125 279 266 9.14 / 20 743 1.06 195 36.4  0.001 0.99 1.57 <0.005 0.50 155 46.7 50.9 19.1 1.2 2904 405 24 7.65 2545 8.79
10-5166 HE-03 1216  11.3 127 273 266 880 / 20 665 1.08 255 47.7  0.000 0.73 1.19 <0.005 0.87 362 10.0 45.3 11.1 -2.2 998 398 2.3 1.99 270.6 6.38
10-5168  HE-12 1746  10.2 19.5 290 268 8.66 / 24 783 1.33 193 36.7 <0.001 0.32 1.90 0.007 0.95 193 22.1 73.4 179 -0.2 2504 933 369 3.64 258 0.76
10-5169  HE-07 1372  10.2 21 267 253 8.89 / 23 636 1.24 198 332 <0.001 0.36 1.68 <0.005 1.13 185 16.4 73.6 8.3 1.9 1638 754 26.1 3.02 2142 3.74
10-5170  HE-45 2498 10 245 270 251 28 540 179 1785 856 27.6 0.58 15.8 0.57
10-5171 HE-42 2489  10.1 24.5 301 284 835/ 19 874 2.50 139 30.0 0.001 0.24 1.75 0.022 1.35 169 13.6 35.0 3.1 1.5 758 1030 38.9 1.06 19.4 0.73
10-5172  HE-41¢ 2704 102 24.5 285 0.53 22.6 49 26 2123 769 30.2 0.69 15.1 0.44
09-5189° HE-43 1466 46 161 295 272 842/ 24 877 1.54 143 28.1 0.002 1.05 2.29 0.010 1.10 90 33.0 50.0 10.6 10.5 3886 965 26.4 4.07 5769 9.80
09-5190° HE-05 1194 108 17 274 262 920/ 22 676 041 161 29.1 0.001 0.4 191 <0.01 1.72 77 66.8 46.0 162 1.1 3670 245 0.6 6.79 135.1 2.82
09-5198° HE-06 1548 11.6 16 264 247 8.70 / 23 613 0.69 160 254  0.001 0.49 1.87 <0.01 0.70 104 74.8 60.1 11.3 1.4 7173 735 22.0 241 26.6 0.56
09-5199° HE-17 2319 125 25 292 272 8.37 / 23 786 1.64 190 37.3  0.002 0.35 1.69 <0.01 0.78 216 154 68.7 5.6  0.03 2790 1586 51.1 2.47 33.1 0.74
09-5197° HE-29 2399 11 20.5 305 280  8.67 / 22 885 5.63 132 27.6  0.135 0.59 2.35 0.042 1.61 105 18.1 52.1 2.8 1.35 2552 1117 41.0 5.58 215.2 4.14
09-5200° HE-41 2704 122 17 291 277 8.70 / 15 710 1.02 72 147  0.005 0.17 2.29 0.037 1.05 41 93.3 57.6 29 -22.1 1980 723 259 0.74 549 0.93
08-3001° HE-07 1372 85 20 269 250 9.13/ 17 659 1.23 201 327 0.012 0.35 1.74 0.011 1.10 199 7.4 76.1 7.5 -04 1309 822 262 396 92.5 2.16
08-3002° HE-12 1746 9.5 17 294 267 8.66 / 19 816 1.36 188 355 0.005 0.28 1.90 0.030 1.26 196 11.0 77.4 13.7  0.07 2325 1147 49.8 549 2819 583
08-3003° HE-17 2319 10  20.8 289 277 847 / 17 796 147 177 362  0.002 0.27 1.68 0.009 1.00 207 10.6 68.0 55 3.6 3161 1607 68.5 4.54 290.0 5.43
08-3004° HE-11 2047 9.5 18 284 268 8.74 / 17 754 1.04 168 31.8 0.001 0.17 2.03 0.024 1.08 158 22.9 55.7 8.6 3.5 4373 952 43.1 571 188.9 3.64
08-3005° HE-29 2399 15 20.8 306 275 871 / 21 931 592 128 257 0.002 0.23 2.17 0.005 1.89 104 11.9 57.5 3.9 3.7 2446 930 36.2 2.84 41.5 1.20
08-3006° HE-05 1194 8.8 162 276 260 942/ 20 698 0.40 157 27.9 0.000 0.32 2.01 0.011 2.08 77 33.1 37.7 192 0.7 3558 210 1.2 10.59 248.8 5.91
08-3007° HE-06 1548 9.5 18 265 245 882/ 21 633 0.68 160 249 0.001 0.37 1.95 0.004 0.91 107 34.5 56.9 104 1.5 6831 654 279 347 46.0 1.16
08-3009° HE-18 1385 94 152 273 253 897 / 19 682 0.84 165 27.6 0.001 0.31 1.93 0.006 1.16 144 18.9 57.9 88 2.0 2853 617 244 7.15 1379 2.64

# Calculated as % difference = 100 * (Ecations — Zanions)/(Zcations + Zanions).

b Stefansson et al. (2011).

¢ Remoroza (2010).
d Dry-steam well. Analyses of Na, K and B, Cl shown for ratio determination.
¢ Dry-steam well. Liquid phase calculated from 2004 sample at new discharge enthalpy and sampling pressure.
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adhere to mineral grain surfaces and remain in the aquifer
rock (Sorey et al., 1980; Horne et al., 2000; Pritchett, 2005;
Li and Horne, 2007). The retention of liquid in the aquifer
is indicated by the observation that the total two-phase con-
centrations of dissolved solid components, such as silica,
strongly decrease with increasing discharge enthalpy,
approaching zero as the discharge enthalpy approaches that
of dry steam (Fig. 2). When reconstructing aquifer fluid
composition from surface discharge measurements of such
wells, the basic equations of energy and mass balance com-
prising the model must take into account open system boil-
ing with loss of liquid between the aquifer and wellhead.

Arnodrsson et al. (2007, 2010) considered six processes
that may be used to model aquifer fluid composition from
data on two-phase well discharges. These models solve
equations of mass and energy conservation and use enthal-
py as the thermodynamic variable (Appendix 1). They are
an approximation, since liquid/vapor enthalpies were ob-
tained for pure H,O fluids and in the case of large-scale
phase separation and fluid expansion during adiabatic
decompression, entropy rather than enthalpy should be
considered as conserved (Kieffer and Delaney, 1979; Lu
and Kieffer, 2009). For all models, the aquifer temperature
needs to be selected. In model 1, adiabatic boiling is as-
sumed. In model 2, closed system boiling (conductive heat
flow) is assumed. However, in models 3—5 open system boil-
ing is assumed with possible transfer of heat and mass.
Model 3 assumes no heat transfer from the aquifer rock
upon boiling and that liquid water is partially retained in
the aquifer and steam segregates. Models 4 and 5 also as-
sume phase segregation and also allow for steam addition,
in the case of model 4, or conductive heat transfer for mod-
el 5. Model 6 assumes steam (and gas) loss from the fluid
flowing into wells. For these models, the pressure/tempera-
ture where liquid and/or vapor are removed and/or added
must be defined.

Under isolated and closed system conditions, mass flow
and component concentrations are conserved (models 1 and
2). On the other hand, considering phase segregation in the
aquifer rock (model 3), a given mass of the residual boiled
liquid is retained. Fig. 3 illustrates how the relative mass of
the initial ‘inflowing’ aquifer fluid to the discharge mass
flow depends on the selected phase segregation temperature
for variable discharge enthalpy. It shows that mass of liquid
retained in the aquifer needed to account for a given dis-
charge enthalpy decreases with a lower assumed phase seg-
regation temperature, but is relatively independent of the
phase segregation conditions until they approach those of
the aquifer. The reason for this is that since less vapor
has been generated by boiling at conditions closer to that
of the initial aquifer fluid, a greater mass of vapor to liquid
segregation is needed in order to account for a given excess
discharge enthalpy. Moreover, the greater the degree of ex-
cess enthalpy, the greater the fraction of liquid is retained in
the aquifer. The results indicate that considerable amount
of liquid may be retained (1-2 times the discharge flow rate)
in the aquifer for high excess enthalpy wells
(>2500 kJ kg™ ).

The effect of the phase segregation conditions on the
chemical composition of the liquid and vapor phase at
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Fig. 2. The concentration of SiO, in the liquid phase and total two-
phase discharge as a function of discharge enthalpy (h%).

discharge must be assessed separately for non-volatile and
volatile components. For non-volatiles, the discharge con-
centration of a given component is equal to the initial mass
in the aquifer liquid water minus the mass in the retained li-
quid at the point of phase segregation. For volatiles, the con-
centration in the discharge fluid is related to the
concentration in the initial fluid, the initial and phase segre-
gation temperatures and the distribution coefficient of the
volatile component between the two phases. The distribution
coeflicient is a function of temperature and fluid pressure
and is an approximation based on the assumption of equilib-
rium degassing according to Henry’s law and introduces
further uncertainty for volatile elements (Appendix 1). An
example of the effects of selected phase segregation condi-
tions on the calculated aquifer fluid concentrations of non-
volatile and volatile components is shown in Fig. 4 and
Fig. 5, respectively. It can be seen from Fig. 4 that the se-
lected phase segregation temperature does not significantly
affect the calculated concentrations of non-volatile compo-
nents in the aquifer fluid except when the phase segregation
conditions approach the aquifer conditions and a large frac-
tion of the liquid phase must be retained in the aquifer in or-
der to account for the observed discharge enthalpy. This is in
a good agreement with previous findings on the effects of as-
sumed phase segregation conditions on calculated mineral
saturation state (Stefansson and Arndrsson, 2000). On the
other hand, the calculated concentrations of volatiles like
CO,, H,S and H, are quite sensitive to the assumed condi-
tions of phase segregation (Fig. 5). The concentrations of
volatile elements in the vapor phase rapidly decrease as the
vapor fraction rises during boiling; in order to account for
the measured discharge concentration, a higher initial aqui-
fer fluid concentration is calculated according to model 3 if
lower phase segregation temperatures are assumed. The
uncertainty of reconstructed volatile aquifer concentrations
is greater in wells with a larger degree of excess enthalpy.
The possible contribution of added vapor (model 4) or
conductive heat transfer (model 5) to excess enthalpy
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Fig. 3. Calculated relative mass of initial aquifer fluid to the mass
of the total discharge (V" = M"'/M®** = (h*' — h*)/(W'" — h*")) as a
function of phase segregation temperature (7°) for wells having
variable discharge enthalpy (4%%). The initial aquifer fluid was
assumed to have vapor-saturated liquid enthalpy at temperature
() of 300 °C. For this example, the mid-point phase segregation
pressure would correspond to a temperature of 264 °C.
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Fig. 4. Percentage difference between the calculated concentration
of a non-volatile component in the initial aquifer fluid assuming a
given phase segregation temperature (7°) and the calculated
concentration at a reference point (zero difference) using the
‘mid-point’ phase segregation pressure (p“") of 50 bar (i.e.
7o =264 °C), for well discharges having variable discharge
enthalpy  (h*).  Percentage difference  calculated  as
(100(m/* — mf+mid) [mf+mid) for generic, non-reactive non-volatiles
according to model 3. The initial aquifer fluid was assumed to have
vapor-saturated liquid enthalpy at a temperature (7”) of 300 °C.

development also increases the uncertainty of calculated
component concentrations in the aquifer fluid. Fig. 6 illus-
trates this by showing how non-volatile and volatile compo-
nent concentrations could change along the boiling path of
an initially liquid-saturated fluid at ~305 °C that develops a
discharge enthalpy of ~2400kJ kg™'. Fig. 6a shows the

100 T T T

T
ot (kJ/kg)
| 2700 |
3 2200
o 1900
O s50F -
L 1700
i - 1600 |
S 1500
2 ol 1400
Q
o
[0] -
o
a)H,S
ol (@
| 1 I | |
180 220 260 300
Phase Segregation Temperature T¢ (°C)
150
' ' ' het (kJ/kg)
2700 -
3 100 2200 A
C
(]
()
£ 50
©
Q
(o))
8 o
C
@
o
& 50
-100 1 1 1 1 1
180 220 260 300
Phase Segregation Temperature T¢ (°C)
T T T T h‘“'(kJ/kg)
100 P 2700 4
8 / 2200
& C 1900 |
L s0F 1600
oS 1700
o N 1500 |
©
€ ol 1400 -
Q
o
5 L |
o
50| (c) CO, 3
| 1 1 1 1
180 220 260 300

Phase Segregation Temperature 7€ (°C)

Fig. 5. Percentage difference between the calculated concentration
of the volatile components (a) H,S, (b) H,, and (c) CO,, in the
initial aquifer fluid assuming a given phase segregation temperature
(T°) and the calculated concentration at a reference point (zero
difference) using the ‘mid-point’ phase segregation pressure (p*""™)
of 50 bar (i.e. 7" =264 °C), for well discharges having variable
discharge enthalpy (h*"). Percentage difference calculated as
(100(m/* — m/mid [/ 4mid) -~ The enthalpy of the initial aquifer
fluid was set to vapor-saturated liquid enthalpy at a temperature
(7’) of 300 °C and equilibrium degassing was assumed.

differences between the different scenarios shown in
Fig. 6b and c: while model 3 considers simple phase segre-
gation at ~265 °C, model 4 assumes that 5% of the dis-
charge mass flow resulted from addition of degassed
vapor between 265 and 230 °C, model 5a assumes 150 kJ/
kg of conductive heat transfer between this same tempera-
ture range, and model 5b considers the same amount of
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conductive heat transfer but instead prior to phase segrega-
tion. Fig. 6b shows that models 4 and 5 result in slightly
higher SiO, concentrations at discharge compared to model
3; accordingly, reconstructed aquifer fluid compositions
assuming model 3 alone could cause one to potentially
overestimate the initial aquifer fluid concentration and the
temperature derived from quartz geothermometry. In con-
trast, Fig. 5c shows that possible vapor addition or conduc-
tive heat transfer lowers the concentration of a volatile at
the point of discharge, especially in the case of model 5b,
and assuming model 3 alone would result in a too low cal-
culated volatile concentration in the aquifer fluid.

6. MODELING OF AQUIFER FLUID COMPOSITION,
AQUEOUS SPECIATION AND MINERAL
SATURATION STATE

In this study, the aquifer fluid compositions were calcu-
lated assuming that the excess enthalpy of the well dis-
charges was the consequence of phase segregation alone
(model 3). Model 3 was chosen because the calculation pro-
cedure can be relatively easily executed using the WATCH
program and any assumptions regarding the magnitude of
conductive heat transfer (model 5a or b) would be some-
what arbitrary and add further uncertainty to model
calculations.

Three parameters must be selected in order to calculate
aquifer fluid compositions from wellhead data by the phase
segregation model: the temperature and enthalpy of the ini-
tial aquifer fluid (7, /") and the temperature at which
phase segregation occurs (7°). For the present study the
aquifer temperature was based on the quartz geothermom-
eter (Gunnarsson and Arnoérsson, 2000) except in the case
of near dry steam discharges that were calculated using
the Na/K geothermometer (Arndrsson and Stefansson,
1999). These temperatures are listed in Table 2, and it can
be seen that Na/K temperatures are systematically 15—
20 °C lower than quartz temperatures, as seen in previous
studies (Fournier, 1981). This discrepancy could be due to
error in the thermodynamic data used for the calculations
or non-end member activity of both the Na- and K-feld-
spars, as compositional data from Nesjavellir has shown
secondary Na-feldspar can have a large compositional var-
iation (Larsson et al., 2002). To account for this discrep-
ancy, 15°C was added to the Na/K temperatures of the
dry-steam discharges. This approximation makes the aqui-
fer fluid temperatures of the high-excess enthalpy wells less
reliable and potentially a large source of error in the calcu-
lated aquifer fluid compositions. The aquifer fluid enthalpy
was selected to be that of vapor-saturated liquid at the
aquifer temperature (4" = #"').

Selection of the phase segregation temperature or pres-
sure is less straightforward, as phase segregation likely oc-
curs over a temperature or pressure interval rather than
at a single point. Although this study assesses the effect of
assumed phase segregation conditions by varying this
parameter between the extreme possible limits, selection
of a ‘mid-point’ phase segregation pressure p” (corre-
sponding to a vapor saturation temperature 7" approx-
imately halfway between the initial aquifer fluid pressure
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Fig. 6. The (a) total fluid enthalpy, (b) concentration of SiO; in the
liquid phase and total discharge, and (c¢) activity of CO, in the
liquid phase and component concentrations in the vapor phase and
total discharge along a boiling path involving phase segregation for
a representative ‘excess’ enthalpy well discharge. See text for
differences between the model scenarios shown.

and the wellhead pressure is considered reasonable. This
is because the calculated liquid saturation at this tempera-
ture based on adiabatic boiling of vapor-saturated liquid
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at the inferred aquifer temperature corresponds fairly well
to a residual liquid saturation of 0.15-0.3 (Fig. 7), at which
point the liquid phase can be expected to become immobile
and thus retained in the aquifer (e.g. Piquemal, 1994). The
calculations were performed using the WATCH program
(Arndrsson et al., 1982; Bjarnason, 2010). A schematic dia-
gram of the calculation procedure is shown in Fig. 8. For
liquid enthalpy well discharges, the calculations were car-
ried out in one step whereas for excess enthalpy well dis-
charges, the calculations involved two steps. In step I,
component concentrations and speciation were calculated
at the point of phase segregation (7°, p¢) using the measured
discharge enthalpy. In step II the computed composition
from step I was used to calculate the composition at the
aquifer temperature and enthalpy (7, /). The conditions
can either be selected as vapor-saturated liquid enthalpy
at 7 or as a higher enthalpy that accounts for the presence
of vapor in the aquifer fluid. The possible effects of reactive
transport (gain or loss of chemical components) were ig-
nored from model calculations.

While it is often assumed that the enthalpy of the initial
aquifer fluid in boiling geothermal systems is that of vapor-
saturated liquid at the initial aquifer fluid temperature, in
reservoirs where temperatures follow the boiling point
curve with depth, some vapor may be present in the initial
aquifer fluid. Assuming H, or H,S concentrations in the ini-
tial aquifer fluid to be buffered by mineral-gas equilibria, it
is possible to use these two gases together to estimate the
initial vapor fraction in the aquifer fluid without selecting
a phase segregation temperature (Arnorsson et al., 2007)
or calculate an equilibrium vapor fraction for each gas sep-
arately from individual gas concentrations assuming a se-
lected phase segregation temperature (Appendix 2). Due
to the lower solubility of H, in liquid water compared to
H,S, H, is more sensitive to the presence of a vapor phase
than H,S, and is thus considered a more reliable indicator
of the vapor fraction. Sensitivity analyses reveal that the
calculated equilibrium vapor fraction is sensitive to both
the assumed phase segregation temperature and the selected
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Fig. 8. A schematic diagram of the procedure used to calculate
aquifer fluid compositions for excess enthalpy well discharges using
the phase segregation model (Appendix A, model 3). The calcu-
lations were carried out with the aid of the WATCH program
(Arndrsson et al., 1982; Bjarnason, 2010).

reference temperature (Fig. 9). Therefore, reported values
should be considered order of magnitude indicators, rather
than absolute. Since calculated equilibrium vapor fractions
are generally low (<0.5% by mass), non-volatile concentra-
tions in the total aquifer fluid are not significantly affected if
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Fig. 9. The sensitivity of calculated equilibrium vapor fraction x”"
to selected phase segregation temperature and initial aquifer fluid
temperature, assuming equilibrium of H, with respect to the pyrite,
pyrrhotite, prehnite and epidote mineral buffer. For this example,
x"? = 0.2 if the mid-point phase segregation pressure and temper-
ature according to the quartz geothermometer of Gunnarsson and
Arndrsson (2000) is assumed.
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the enthalpy of the initial aquifer fluid is adjusted to include
the equilibrium vapor fraction.

The aqueous species distribution and mineral saturation
states were calculated using the aquifer fluid composition
obtained as described above. The thermodynamic database
for the speciation calculations is that of Arndrsson et al.
(1982) with modifications to gas solubility (Robie and
Hemingway, 1995; Fernandez-Prini et al., 2003) and aque-
ous Al-, Si-, Fe- and carbonate complex stabilities (Plum-
mer and Busenberg, 1982; Pokrovskii et al., 1998;
Arnorsson and Andrésdottir, 1999; Arndrsson et al.,
2002. The standard thermodynamic properties of minerals
used in calculation of equilibrium constants are from Hol-
land and Powell (1998), with the exception of pyrite and
pyrrhotite which are from Robie and Hemingway (1995).
The standard properties of aqueous species are derived
from a variety of sources (Johnson et al., 1992; Pokrovskii
and Helgeson, 1995; Robie and Hemingway, 1995; Diako-
nov et al., 1999; Gunnarsson and Arndrsson, 2000; Fernan-
dez-Prini et al., 2003). The mineral reactions and the
respective equilibrium constants together with the source
of the data can be found in Karingithi et al. (2010).

7. FLUID-MINERAL EQUILIBRIA

Fluid-rock interaction involves the irreversible dissolu-
tion of primary rock-forming minerals to form more stable
secondary minerals that can be either thermodynamically
stable or metastable under geothermal conditions. Geother-
mal fluids closely approach saturation with respect to the
common secondary geothermal minerals observed under
various temperature conditions (Giggenbach, 1980, 1981,
1988:; Arnorsson et al., 1983; Stefdnsson and Arndrsson,
2000, 2002; Gudmundsson and Arndrsson, 2005; Karingi-
thi et al., 2010). These conclusions are largely based on
reconstruction of aquifer fluid composition from data on
surface well fluid discharges.

The effect of the phase segregation model parameters on
the calculated mineral saturation states in aquifer fluids was
systematically investigated in the present study by compar-
ing the results for low-, medium- and high-enthalpy well
discharges as well as the selected phase segregation condi-
tions. For each discharge, the selected phase segregation
conditions ranged from immediately below the initial aqui-
fer temperature to immediately above the wellhead pres-
sure. An example is given in Fig. 10 for the Ca®t/(H™)?
activity ratio. Most of the modeled initial aquifer fluid com-
positions are at near-equilibrium conditions with respect to
a mineral assemblage consisting of prehnite, clinozoisite
and quartz, especially if a Fe-rich epidote in the pistacite—
clinozoisite solid solution is assumed. Although the effect
of selected phase segregation conditions on calculated
non-volatile concentrations is generally low (Fig. 4) and
also depends on reaction stoichiometry, a maximum of
approximately 1log unit of variability in calculated satu-
rated state can result from changing the selected phase seg-
regation temperature between the extreme possible limits.
This is mostly due to the effect of segregation conditions
on the calculated pH of aquifer fluids, which in turn (at a
given temperature) depends on the calculated aquifer fluid
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Fig. 10. The logarithm of the Ca®*/H™ activity ratio in initial
aquifer fluids. Dotted lines show the total range of variability
arising from the assumed phase segregation conditions, which were
varied from directly below the initial aquifer fluid temperature to
immediately above the wellhead temperature.

concentrations of the acidic gases (CO, and H,S), which
were described above to be highly sensitive to the assumed
phase segregation conditions (Fig. 5). The increased depar-
ture from equilibrium at >290 °C may also indicate the
maximum temperature limit of prehnite or reflect onset of
control by a mineral assemblage including actinolite, which
is formed at these temperatures (Kristmansdottir, 1979).
However, this margin of uncertainty does not change the
general observation of a close approach to mineral-fluid
equilibrium, in line with previous conclusions (Stefansson
and Arndrsson, 2000, 2002).

There are two main approaches to using gases to assess
equilibrium in the reservoir. In the first one, liquid-phase
activities of the volatile species are assumed to be controlled
by equilibrium with respect to specific secondary mineral
assemblages (Arnorsson et al., 1983, 2010; Stefansson and
Arnodrsson, 2002; Karingithi et al., 2010). In the second
one, gas concentrations are assumed to be fixed by redox
reactions among vapor-phase components and the rock
(Giggenbach, 1980, 1987; D’Amore et al., 1993). The equi-
librium curves of the mineral assemblages that could poten-
tially fix the activities of the main reactive gases CO,, H,S
and H; (method 1) are compared with their calculated aqui-
fer fluid compositions in Fig. 1la—c. A reasonably close
comparison was observed for H,S and H,, assuming equi-
librium with minerals including pyrite, pyrrhotite, prehnite,
epidote and possibly also magnetite. The difference in
equilibrium concentrations for the different possible min-
eral reactions is smaller than the uncertainty arising from
the phase segregation model. Based on this, it is not possi-
ble to unambiguously conclude which mineral buffer is
responsible for controlling H,S and H,. The calculated
equilibrium vapor fractions assuming equilibrium with re-
spect to the pyrite, pyrrhotite, prehnite, epidote mineral
assemblage are shown in Fig. 12 for H,. Most equilibrium
vapor fractions are low and positive, giving a field average
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Fig. 11. Mineral buffer reaction equilibrium for H,S, H, and CO,.
Dotted lines show the total range of variability due to assumed
phase segregation conditions, which were varied from directly
below the initial aquifer fluid temperature to immediately above the
wellhead temperature.

of approximately 0.2% by mass. Several of the highest ex-
cess enthalpy wells show lower or even slightly negative
equilibrium vapor fractions. These are believed to be
erroneous, a consequence of the fact that conductive heat
transfer contributes slightly to the excess enthalpy in these
wells and ignoring this in model calculations results in
underestimated aquifer fluid gas concentrations (Fig. 6).
Alternatively, they could be related to errors in the selected
aquifer fluid temperature or phase segregation pressure
(Fig. 9).

Carbon dioxide concentrations are observed to be some-
what low in comparison to equilibrium values with respect
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Fig. 12. Calculated equilibrium vapor fractions versus well dis-
charge enthalpy, assuming equilibrium of H, with respect to the
pyrite, pyrrhotite, prehnite and epidote mineral buffer.
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Fig. 13. FT-HSH plot for reservoir fluids according to the method
of Giggenbach (1980). Total aquifer gas concentrations calculated
using model 3, assuming ‘mid-point’ phase segregation pressure.
Calculations use thermodynamic data and partition coefficients for
the gaseous species according to Giggenbach (1980) and were
implemented using the Gas_Analysis_v2-Powell-2010-StanfordGW
spreadsheet (Powell and Cumming, 2010).

to clinozoisite, calcite, quartz and prehnite, as was previ-
ously concluded (Stefansson et al., 2011). Additionally, this
discrepancy cannot be explained based solely on the uncer-
tainties in the reconstruction of aquifer fluid composition.
Other previously considered mineral assemblages that
could control aqueous CO, include grossular (Karingithi
et al., 2010), which is not commonly observed at Hellisheid-
i. It is somewhat unlikely that the low CO, concentrations
are related to boiling and subsequent precipitation of calcite
(Simmons and Christenson, 1994), as the concentrations of
CO, and Ca?* differ by roughly an order of magnitude, and
the CO,; concentration will hardly be affected even if most
of the Ca®" in solution has been removed. Evidence that
CO, concentrations may be source- rather than equilib-
rium-controlled has from field studies showing significant
short- and long-term changes in concentrations in response
to magmatic events (Armansson et al., 1989; Gudmundsson
and Arndrsson, 2002), as well as experiments performed on
rhyolitic rocks demonstrating the non-reactivity of CO, at
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300 °C (Bischoff and Rosenbauer, 1996). This suggests that
the low CO, concentrations may be source-controlled at

Hellisheidi.

For estimation of aquifer vapor fraction based on gas
concentrations (method 2), it is common to assume equilib-

rium for the Fischer-Tropsch reaction.
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as well as among H,, H,S and redox-sensitive minerals such
as pyrite and magnetite according to a reaction such as:

FeS, +2H, + 2H,0 = Fe;04 + 6H,S
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Fig. 13 is a geothermometer and equilibrium vapor frac-
tion grid based on equilibrium according to these reactions
(FT-HSH plot). The results of aquifer temperatures are in
good agreement with those derived from quartz geother-
mometry and the phase segregation model. On the other
hand, the calculated equilibrium vapor fractions were
approximately one order of magnitude higher. This discrep-
ancy may simply be caused by redox disequilibrium among
CH,4, H,O, H; and CO; in line with previous studies on di-
lute geothermal fluids in Iceland (Stefansson and Arnors-
son, 2002). These results indicate that the application of
gas concentrations to assessing reservoir conditions is not
straightforward and relies on the assumption of redox equi-
librium that simply may not prevail at temperatures
<300 °C (Giggenbach, 1987; Stefansson and Arndrsson,
2002).

8. CONCEPTUAL GEOCHEMICAL MODEL OF THE
HELLISHEIDI GEOTHERMAL SYSTEM

Aquifer fluid compositions may be used to gain insight
into the source and geochemistry of fluids in volcanic geo-
thermal systems like Hellisheidi. When combined with
other types of information derived from geology, borehole
logging and hydrology, these may be used to make a con-
ceptual model of the system. Information from fluid chem-
istry may be used to study for example fluid recharge, fluid
up-flow and fluid—fluid and fluid-rock interaction. Some
volatile and non-reactive elements may be of particular
importance for such work, for example H,, H,S, CO,, N,
and Cl. Their distributions in the Hellisheidi geothermal
field are shown in Fig. 14.

It was previously concluded that the aquifer concentra-
tions of H,S and H, are controlled by temperature-depen-
dent equilibrium with secondary minerals. Accordingly,
the highest concentrations of these gases should indicate
the hottest parts of the system. However, some of the excess
enthalpy wells drilled in the proximity of the eruptive fissure
are somewhat lower in H, and H,S (Fig. 14a and b). This is
believed to be an artifact of the faulty assumption that the
process of phase segregation produced all of the excess
discharge enthalpy. While many of the wells sampled at
Hellisheidi have relatively shallow feed zones (~1000 m
depth) and slight temperature reversals, the wells in the
proximity of the fissure have deeper feed zones (~2000 m)
that discharge a fluid dominantly consisting of saturated
steam. Conductive heat transfer from the rock to the fluid
flowing into wells may well be more of a factor for these
wells. In fact, when the effect of conductive heat transfer
is taken into consideration for either H,S and H,, bringing
up its calculated concentration enough to match the
population described by the other excess enthalpy wells
(either close to equilibrium for H,S or slightly above
equilibrium for H,), the calculated concentration of the
other gas increases sufficiently to match its population in
these wells.

Carbon dioxide has a markedly different field-scale dis-
tribution than the equilibrium-controlled gases H,S and
H,. The highest CO, concentrations are observed at the
southern end of Skardsmyrarfjall below Hamragil

300
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Fig. 15. (a) CI/B mass ratio of aquifer fluids, compared with
average ratio in tholeiitic basalt and seawater (Arndrsson and
Andrésdottir, 1995). (b) CI/B molar ratio versus discharge
enthalpy.

(Fig. 10c), outside of the hottest zone of the system accord-
ing to down-hole temperature measurements (Gunnarsson
et al., 2010) and H,S and H, concentrations. Moreover,
the present concentrations are not spatially related to the
area of highest temperature and excess well discharge en-
thalpy near the eruptive fissure. If magmatic degassing is
occurring to any substantial extent, the magma may be lar-
gely degassed with respect to CO, and unable to bring fluid
concentrations up to equilibrium with the most likely
mineral buffer (Fig. 11c). At the present moment, the exact
controls on the CO, distribution in the Hellisheidi field are
not well described.

The concentrations of N, and Cl are both considered to
be mainly source-controlled and unaffected by secondary
processes except boiling, with N, preferentially entering
the steam phase and Cl retained in the liquid phase. The
source of N, is considered to be the recharging air-satu-
rated meteoric water whereas Cl originates from progres-
sive fluid-rock interaction, seawater, or magma degassing.
Except for a few wells, aquifer fluid N, concentrations are
far below that of air-saturated water (Fig. 14d). Once
recharging liquid is heated up close to the boiling point dur-
ing the process of descent along the vertical fractures that
serve as the main recharge channels for the reservoir, N,
will strongly partition into the small fraction of steam that
has been generated. Boiling geothermal systems can be
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Fig. 16. A conceptual geochemical model of the Hellisheidi geothermal system showing the two approximately NE-SW oriented cross-
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temperatures and measured depths of principal aquifers. The extent of boiling is denoted by the black dashed line. The blue dashed lines show
approximate Cl contours. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

expected to undergo this type of degassing nearly continu-
ously, which could produce anomalously high concentra-
tions of N, in shallower aquifers into which this steam
rises. Although the cause of the very high N, concentra-
tions in a few samples to the northwest of the field is not
known and could indicate slight air contamination, in light
of the low Cl concentrations present in this area, this area
could also be a zone of inflow of more dilute (meteoric)
waters.

Recharging meteoric waters are expected to have low Cl
that increases with progressive fluid-rock interaction. In

addition, seawater—-meteoric water mixing may affect Cl
concentration. There appears to be a mixing trend from
the north to south, with Cl progressively increasing to the
south (Fig. 14e). The CI/B ratio (Fig. 15a) of most fluids
falls on the bulk rock dissolution line, but the high CI/B ra-
tio of one sample suggests a slight seawater component in
one well discharge close to the Hveragerdi geothermal area
to the east, which is known to have a significant ‘fossil’ sea-
water component (Arndrsson and Andrésdottir, 1995).
Alternatively, the high CI/B ratio in this discharge may be
the consequence of late stage degassing of magma, as the
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low solubility of boron in magma causes it to be lost from
the magma at an early stage of degassing relative to Cl
causing an increase in the CI/B fluid ratio as degassing
progresses.

A conceptual model of the geothermal system was devel-
oped based on regions of likely upflow, boiling and re-
charge (Fig. 16). There appear to be two distinct upflow
zones — one on the western margin of the graben underlying
Reykjafell and a smaller, shallower one on the eastern mar-
gin of the graben. Aside for the evidence presented above
for locating the upflow zones here, including higher temper-
atures and enthalpies and deeper feedzones, the low CI/B
ratios observed in some of the wells in these areas
(Fig. 15b) suggests that aquifer fluids have mixed with a
deeper, hotter, dominantly vapor-like fluid enriched in B,
which has a much stronger tendency than Cl to partition
into the vapor phase at temperatures above 350 °C (Wil-
liams-Jones and Heinrich, 2005). Based on an initial aquifer
fluid temperatures determined by quartz geothermometry,
the measured depths of main producing aquifers (Gunnars-
son et al., 2010), and the assumption of isenthalpic vertical
upflow of saturated liquid until intersection of the boiling
curve, liquid/vapor coexistence begins approximately
1.5 km b.s.l. and is suppressed on the margins of the up-
flows due to mixing with recharging waters at depth as well
as lower heat input. Recent wells drilled into the southern
part of the field have high temperatures (>300 °C) and dis-
charge high excess enthalpy fluids (>2000 kJ/kg), suggest-
ing that boiling may extend into this region.

9. SUMMARY AND CONCLUSIONS

Geothermal wells drilled into boiling aquifers commonly
show excess enthalpy, where the enthalpy of the discharge is
substantially higher than the enthalpy of vapor-saturated li-
quid at the aquifer temperature. A number of possible
physical processes could account for this phenomenon,
including conductive heat transfer from the aquifer rock
to the flowing fluid, as well as loss or gain of liquid or va-
por. In the case of the former, component concentrations
are conserved and reconstruction of aquifer fluid composi-
tion is relatively straightforward. However, in the case of
the latter, component concentrations are not conserved.
In this study, aquifer compositions were modeled based
on the assumption that the excess enthalpy of well dis-
charges was completely due to the process of phase segrega-
tion, in which some fraction of the liquid flowing through
the aquifer into the wellbore is retained in the rock forma-
tion. In addition to the aquifer fluid temperature, the main
selected parameter is the temperature/pressure at which
phase segregation is assumed to occur. This has been found
to greatly impact the calculated concentration of volatiles in
the aquifer fluid. However, since an initially vapor-satu-
rated liquid attains a volumetric saturation corresponding
to physical immobility approximately mid-way between
the aquifer and well-head condition, an assumed phase seg-
regation temperature/pressure conforming to this point is
considered to be reasonable.

Even when taking into account the uncertainty due to
the model calculations, this study confirms the general

observation found of previous studies of a close approach
to local fluid-mineral equilibria. Elevated H,S and espe-
cially H, concentrations suggest the presence of an equilib-
rium vapor fraction in the aquifer fluid, indicative of
boiling. However, CO, concentrations are lower than pre-
dicted by such equilibria, suggesting that other processes
including magmatic degassing may be controlling. A con-
ceptual model of the geothermal system has been proposed
that stands in contrast to previous conceptual models of the
field which predicted a central upflow zone above a
magmatic heat source underlying the Hengill central vol-
cano (e.g. Bodvarsson et al., 1990). While future studies
should seek to further develop this conceptual model by
considering isotopic data which was not available for this
study, however this will also require determining the effect
of phase segregation on the isotopic composition of
produced fluids. Physiochemical aspects of boiling and
phase segregation, including the pressure/temperature
conditions at which it occurs or whether it results in signif-
icant mineral supersaturation and precipitation (e.g.
sulfides, calcite) need to be better constrained. Additionally,
while the permeability structure of the reservoir (i.e. pore-
vs. fracture-bound) may also control the conditions of
phase segregation, this role is not well understood. Further-
more, the exact nature of the magmatic heat source and the
degree of interaction between it and aquifer fluids remain
uncertain.
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APPENDIX 1. MODELING OF AQUIFER FLUID
COMPOSITION

List. of symbols

The symbology of Arndrsson et al. (2007) is adopted.
Under this system, the first superscript indicates the loca-
tion, or point, between the aquifer and discharge considered
in the model. Thus, f refers to the feed zone beyond the
zone of depressurization (initial aquifer fluid) and d to the
discharge at the wellhead. Additionally, in the open system
boiling model considered, e represents the intermediate
zone of evaporation (depressurization zone) wherein liquid
is retained by the aquifer or vapor added. The second
superscript denotes the fluid phase(s) considered — / repre-
senting liquid, v vapor, and ¢ the total two-phase fluid mix-
ture. An extensive property specifically related to liquid
retained in the formation is denoted by /r and for vapor
added va. The subscript refers to the species or components
considered — s to gaseous components, r to non-volatile
components and i to either. A complete list of symbols is
provided below.
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Degassing factor, with unity representing equilibrium
degassing

Density of saturated liquid at specified temperature/
pressure (kg m®)

Density of saturated vapor at specified temperature/
pressure (kg m?)

Distribution coefficient for volatile species s at the point
of phase segregation

Distribution coefficient for volatile species s in initial
aquifer fluid

Enthalpy of saturated liquid at sampling pressure P’

(kT kg™

Total enthalpy of well discharge (kJ kg™")

Enthalpy of saturated vapor at sampling pressure P°
(kJkg™)

Enthalpy of saturated liquid at the point of phase
segregation P° (kJ kg™

Enthalpy of saturated vapor at phase segregation pressure
P (kT kg™h

Enthalpy of saturated liquid at initial aquifer fluid
conditions (kJ kg™!)

Total enthalpy of initial aquifer fluid. If X** is assumed to
be 0, /"' = 1" (kJ kg™h)

Enthalpy of saturated vapor at initial aquifer fluid
conditions (kJ kg™!)

Total enthalpy of two-phase fluid immediately after phase
segregation (kJ kg™!)

Henry’s Law solubility constant for volatile species s
Concentration of chemical component i in liquid phase at
sampling pressure P° (moles kg™

Concentration of chemical component 7 in total well
discharge (moles kg™

Concentration of chemical component 7 in vapor phase at
sampling pressure P° (moles kg™

Concentration of chemical component i in liquid phase at
phase segregation pressure P¢ (moles kg™ ')
Concentration of chemical component 7 in total fluid
immediately before phase segregation (moles kg™')
Concentration of chemical component 7 in vapor phase at
phase segregation pressure P* (moles kg™ !)
Concentration of chemical component 7 in liquid phase of
initial aquifer fluid (moles kg™!)

Concentration of chemical component ; in initial aquifer
fluid (moles kg™')

Concentration of non-volatile r in liquid phase at
sampling pressure P* (moles kg™

Concentration of non-volatile r in total well discharge
(moles kg™1)

Concentration of non-volatile r in liquid phase at phase
segregation pressure P° (moles kg™

Concentration of non-volatile r in total fluid immediately
prior to phase segregation (moles kg™

Concentration of non-volatile r in vapor phase at phase
segregation pressure P° (moles kg™

Concentration of non-volatile r in liquid phase of initial
aquifer fluid (moles kg™

Concentration of non-volatile r in total initial aquifer
fluid (moles kg™!)

Concentration of non-volatile r in total initial aquifer
fluid calculated using mid-point phase segregation
pressure P (moles kg™!)

Concentration of volatile species s in liquid phase at
sampling pressure P° (moles kg™ ')

Concentration of volatile species s in total well discharge
(moles kg ™)

M Ir

Meve

psa[
Prot

Tem id
Tq I.L/

TN a/ K/

Xd, v
xer

)(/,'L'

Ve,lr

Concentration of volatile species s in vapor phase at
sampling pressure P* (moles kg™!)

Concentration of volatile species s in liquid phase at phase
segregation pressure P° (moles kg ')

Concentration of volatile species s in total fluid
immediately prior to phase segregation (moles kg ™)
Concentration of volatile species s in vapor phase at phase
segregation pressure P° (moles kg™ ')

Concentration of volatile species s in in total aquifer fluid
(moles kg ™)

Concentration of non-volatile r in total initial aquifer
fluid calculated using mid-point phase segregation
pressure P (moles kg™

Concentration of volatile species s in in aquifer liquid
(moles kg’l)

Concentration of volatile species s in in aquifer vapor
(moles kg™!)

Mass flow of liquid in well discharge (kgs™")

Mass flow of liquid and steam in wet-steam well discharge
(kgs™)

Mass flow of steam in well discharge (kgs™})

Mass flow of boiled aquifer liquid which separates from
steam flowing into well (kgs™)

Mass flow of vapor added into two-phase flow flowing
into well, following phase segregation (kgs™")

Mass flow of total initial aquifer fluid into well (kgs™)
Vapor pressure at which phase segregation is assumed to
occur (bar-a)

‘Mid-point’ phase segregation pressure approximately
halfway between P and P"" (bar-a)

Saturation pressure at initial aquifer fluid temperature 7
(bar-a)

Vapor pressure as read from gauge attached to well-head
(bar-g)

Vapor pressure as read from gauge atop Webre separator
(bar-g)

Vapor saturation pressure at a given temperature (bar-a)
Total fluid pressure, i.e. vapor pressure plus the partial
pressures of all gases (bar-a)

Magnitude of conductive heat transfer from the rock
formation to flowing two-phase fluid (kJ)

Molar gas/water ratio of volatile species s in vapor phase
(mS/mHzo) (_)

Liquid volumetric saturation, with 0 representing pure
vapor and 1 pure liquid (-)

Saturation temperature at phase segregation pressure p°
(°C)

Saturation temperature at the ‘mid-point” phase
segregation pressure p©™@ (°C)

Temperature of initial aquifer fluid calculated according
to quartz geothermometer of Gunnarsson and Arnérsson
(2000) and using the mid-point phase segregation pressure
(°C)

Temperature of initial aquifer fluid calculated according
to Na/K geothermometer of Arndrsson and Stefinsson
(1999) (°C)

Selected temperature of initial aquifer fluid (°C)

Mass fraction of vapor at sampling pressure p*

Mass fraction of vapor immediately prior to phase
segregation

Vapor mass fraction present in the initial aquifer fluid (see
Appendix 2, Equilibrium vapor fraction)

Relative mass of boiled water retained in aquifer upon
phase segregation to well discharge (M*"/M®’)
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pere Relative mass of vapor added to flow following phase
segregation to well discharge (M®*%/ M)

24 Relative mass of total inflowing initial aquifer fluid to well
discharge (M""/M®") For model 3, Vit = (h%* — heh/
(W' — h*") but for models 4 and 5 it is calculated slightly
differently (see notes in Tables A.1 and A.2)

AR Mass fraction of vapor immediately prior to phase

segregation, including the effects of conductive heat
transfer to the flowing two-phase fluid before phase
segregation in model 5.

Aquifer. fluid composition

The models considered have been previously described
in detail by Arnorsson et al. (2007, 2010). In model 1, iso-
lated system boiling is assumed. In model 2, closed system
boiling (conductive heat flow) is assumed. However, in
models 3-5 open system boiling is assumed with possible
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transfer of heat and mass. Model 3 assumes no heat transfer
upon boiling and that liquid water is partially retained in
the aquifer but all the vapor flows into wells, whereas mod-
els 4 and 5 allow for vapor addition and conductive heat
transfer in addition to phase segregation, respectively.
Model 6 assumes loss of steam. The conservation equations
for mass, enthalpy and mole numbers of non-volatile and
volatile components are shown in Table A.1.

The equations to calculate non-volatile component con-
centrations in the initial aquifer based on measured concen-
trations in discharge fluids have been derived in Arndrsson
et al. (2007, 2010). These are shown in Table A.2.

For volatile components, reconstructing aquifer fluid
compositions from surface measurements requires the
assumption of equilibrium distribution of the volatile
species between the two phases at both the point of phase

Table A.1. Conservation equations for mass, enthalpy and mole numbers of non-volatile and volatile

components.

Model Mass flow equation Specific enthalpy equation

1 Mdt Mt hd,tdet h/tva,t

2 M = M WM =R MY+ QF

3 M(lt Mt hd,t ) Mdt hft . Mf,'t _ h()‘l- M’,l

4 MY =M — M + M K M =M — b MO B M

5 Mdt MI hd,t ) let h/t ) Mf,t _ he,l_ Me,l+ Qe

6 M = M - M'“ WM = M — R MO
Non-volatile component Volatile component

1 and 2 d: Mdt_m/'l Mft dz Ma’t_m/'r Mft

352 dt Mdt mf’ Mft (,j,]_ML’,I dt Mdrfm/t Mft* él Mel

6 m;ltht_m:t M/t dt Mdt_m/t Mfl IY'ME,L

“The concentration of chemical components in the added vapor in model 4 is assumed to be zero. As noted by Arnorsson et al. (2007), thisis a
poor approximation at the onset of boiling, but improves as production from the field progresses and the boiling fraction increases.

Table A.2. Equations to calculate non-volatile component concentrations in the initial aquifer based on

measured concentrations in discharge fluids.

Model

Volatile species, aquifer liquid

1 and 2 m<1 _ m;”/(l ,Xf.y)
3 mll = [md /(1= XTO)][(1 = (1/(1 = X)) + (1/(1 = xeo))] ! B
4 il = (1= XPOIPZ (1= (1/(1 = X)) + (1)1 = X)) = Pero(1/(1 = X))
5 ml? = /(1= XPOIPT(1 = (11— 22) + (11— 7))

6 mi = )77 4(1 = x7 o))

“In model 4 it is assumed that the vapor is added after retention of liquid and thus does not affect the vapor fraction at the point of phase
segregation. Also, for model 4, V' = (b — po! — pyera(peve — pely)j(h'" — heY).

"There are two versions of model 5. Under case A, liquid is first retained in the aquifer followed by conduction of heat from the formation to
the flowing fluid. Under case B, conductive heat transfer from the rock to the flowing fluid precedes the retention of liquid in the formation.
For case A use the equation given for models 3 to obtain m/"/, but for case B use the reported equation for model 5. Additionally, for model 5,
VA= (h* = pet — O M (R h‘)'l). The term Z“Y accounts for the portion of vapor at the point of phase segregation generated by
conductive heat transfer to the flowing fluid and is given as Z%° = (K" + Q°/ M — he)[(he* — h®).
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Table A.3. Equations to calculate non-volatile species concentrations in the initial aquifer based on measured

concentrations in discharge fluids.

Model Volatile species, aquifer liquid Volatile species, aquifer vapor
1'and 2 ml ! = md XD — 1) + 1] ml* = md X1 (1= Df)) +1/D]]""
3 mll = md V(1= (1) - (1/(X**(D¢ = 1) + 1))

(X“(D” D+ 1)+
(1/x (D5 = 1)+ 1))
XDl —1)+1)
42 mfl _ mdt[Vft
(/XD ~ 1)+ 1))

V(0D - 1) + 1)) (D

5P ml! = mf"[Vf”(l

6c m{l — m;{‘l[Vf‘t(l 7XE‘U)
(1/D) =) + 1]
er(1 —(1/D05)) + (1/D5)]
Xl —1) +1]

= (1/(x*"(Dg = 1) + 1))

= (/D5 - 1) + 1))
+(1/Z4 (D5 = ) + D)7 DL 1) + 1]

(
ml fmd’[V/‘t(
H/xe -y
X/ (1 = (1/D))) + (1/D))]
ml" = m (VL= (1) (D5~
+(1/Xe (D¢ — 1) + 1))

+1)

D+1" +Ves(1)(Xe (D = 1) + 1)] !

(1= (1/D))) + (1/D])]
ml = w1 = (1/(Z(D
+(1/zer (s = 1)+ 1))
Le/e (1= (1/D0) + (1/D))”"
ml = mB VT = Xe0)((1/D) = 1)
+17 e (1 — (1/D9)) -1
+(1/DOX" X/ (1 — (1/D)) + (1/D])]

-1 +1))

4See note * in Table A.1 above and note * in Table A.2 above.
® See note ° in Table A.2 above.

°Alternatively, one can assume that m/"/ is controlled by mineral-gas equilibria to obtain a value for 17" by solving the system of equations

iteratively (see Arnorsson et al., 2010).

segregation and within the initial aquifer fluid. The distribu-
tion coefficient D; is a function of gas solubility and fluid
pressure, defined D, =m/*/m/' =55.508 - {/p - Knis
where K, is the Henry’s Law coefficient (moles kg™
bar™!) for a certain gas species s (these have been tabulated
as a function of temperature in i.e. Arnorsson et al., 2007),
Piot the vapor pressure, pg., plus the sum of partial pres-
sures of all gaseous components (since the partial pressures
of non-condensable gas species contribute little relative to
vapor pressure, piot = Psat), ¢ 18 a degassing factor (usually
assumed to be unity, representing equilibrium degassing)
and 55.508 is a factor for converting 1 kg of H,O into moles
of H,O (see Arnodrsson et al., 2007, for complete
derivation). The equations to calculate volatile species con-
centrations in the initial aquifer based on measured concen-
trations in discharge fluids are shown in Table A.3.

APPENDIX 2. - EQUILIBRIUM VAPOR FRACTION

The primary advantage of mineral-gas equilibria to esti-
mate the initial aquifer vapor fraction X’ is that chemical
equilibrium between hydrothermal mineral assemblages
and reactive gas concentrations in the aquifer liquid is gen-
erally closely approached (Fig. 11). The gas species typically
used for equilibrium vapor calculations are H, and H,S,
since CO, is often source rather than equilibrium con-
trolled. Both H, and H,S partition into the vapor phase,
as determined by their respective Henry’s law constants
and the total fluid pressure. Thus, if initial aquifer fluid con-
centrations of these gases, particularly H,, are calculated to
be in excess of equilibrium, this can be attributed to the
presence of a vapor phase. The vapor fraction calculated
in this way can be derived from a basic equation that relates

the total aquifer fluid concentration of a gas species with its
concentration in the liquid phase:

m/" = m/ XD — 1) +1]
=m['[(W =)/ =W N(D] = 1) +1] (A1)

In the above equation, 7/, /" and D/ can be deter-
mined by selecting the initial aquifer temperature and m/"/
represents the equilibrium concentration of the gas species
(H,° or H,S°) for the selected fluid-mineral buffer (see e.g.
Arnorsson et al., 2007, 2010). Additionally, mAf ! can be cal-
culated according to the selected model shown in Table A.3
by removing the last term in brackets in each equation
(which accounts for partitioning between the liquid and va-
por phases). For example, for model 3:

m{t = ml[VH(1 = (1/X*"(D; = 1) + 1))

(/e = 1) + 1)) (a2)
il =m0 = (L = ) e = )

(D = 1)+ 1)) + (/" = ) /e = )

(0 =1+ D)

Once an aquifer fluid temperature has been selected as
well as a phase segregation temperature/pressure, all vari-
ables in equation A.2 are known except for /. The /" va-
lue that provides the same m/* in both equations A.1 and
A.2 can be determined by an iterative process. When m/*
has been obtained so has /"', allowing X" to be obtained.
Alternatively, it is possible to obtain a value for p¢ by find-
ing a common solution for both gases (Arndrsson et al.,
2007, 2010). This method is, however, not considered to
be as reliable as is the selection of p¢ and solving by the
method outlined above.
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