VOLCANISM IN HAWALII
Chapter 56

A GEOCHEMICAL MODEL OF THE KILAUEA EAST RIFT ZONE
By Donald Thomas

ABSTRACT

The east rift zone of Kilauea Volcano is comprised of a
northeast- to southwest-trending complex of dikes and frac-
tures extending more than 100 kilometers from the summit
caldera to the ocean floor. Geologic, petrologic, and
geophysical data indicate that substantial volumes of molten
magma are intruded into and stored within the east rift dike
complex and that parts of the rift have temperatures exceeding
the Curie point of basalt. The shallow ground-water hydrology
and chemistry on the lower rift are strongly affected by natural
thermal discharge from the rift and indicate a continuous heat
loss rate estimated at 291 megawatts of thermal energy. Several
deep geothermal wells drilled into the lower rift have confirmed
the presence of high temperatures and of an active hydrother-
mal system associated with the rift. The maximum temperatures
encountered in the deep wells approach the critical point of
water (374 °C) but show a sharp decline on the southern
boundary of the rift. Petrologic studies of drill cuttings from the
deep geothermal wells have shown that intermittent, intense
hydrothermal alteration has occurred to depths of at least 2.5
km. The alteration phases present indicate that metamorphism
reaches the greenschist facies and have strong similarities to
alteration suites found in midocean-ridge hydrothermal sys-
tems. Chemical data from the deep fluids suggest that the
primary source of recharge to the reservoir is meteoric water in
the interior of the rift but that saline water is present on the
southern boundary. Production data from the deep wells also
indicate that accessible parts of the hydrothermal system are
capable of producing both dry steam and hot brine. The data
that have been gathered to the present indicate that the hydro-
thermal system associated with the Kilauea east rift zone is
actively evolving and has characteristics ranging from low-
temperature benign fluids to high-temperature, highly
aggressive fluids that may provide both an economically viable
geothermal resource and a natural laboratory for the study of
ore-forming and geochemical-cycling processes.

INTRODUCTION

Exploration for geothermal resources in Hawaii began in 1962
when four shallow wells were drilled into the Kilauea lower east rift
zone (LERZ) (fig. 56.1; table 56.1) in an effort to develop a
commercial steam resource. Although all four wells encountered
above-ambient temperatures, none discovered an economically useful
steam or hot-water resource. A second effort to study the deep
thermal conditions on the Kilauea east rift zone (ERZ) was initiated
in 1972 under funding from the National Science Foundation. This
effort culminated in the drilling and completion of the 1,966-meter-
deep Hawaii Geothermal Project well A (HGP-A) in 1976.

Testing of this well indicated that temperatures of 358 °C were
present at the bottom of the hole and that the well was capable of
producing approximately 48 tonnes per hour (t/h) of steam and hot
water. A geothermal generator facility was installed on this well n
1981 and, as of July 1985, has been in operation for approximately
44 months. Subsequent to the completion and initial testing of
HGP-A, six privately financed deep exploration wells have been
drilled into the LERZ. The data that have been obtained from the
deep exploratory drilling into the rift and from the long-term
discharge of HGP-A have now provided us with sufficient informa-
tion to develop a preliminary model of the hydrothermal system
associated with the ERZ.
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GEOLOGIC SETTING

The east nft zone, a major structural feature of Kilauea
Volcano, extends from the summit caldera in an easterly direction for
approximately 50 km, where it enters the ocean and continues as a
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FIGURE 56.1.—Kilanea lower east rift zone showing locations of ground-water and geothermal exploration wells. Well-identification numbers and temperature (in degrees
Celsius), if known, are given next to symbols. Dashed lines represent roads.

submarine ridge for another 50—60 km. Geologic mapping on
Kilauea and studies of eroded nift systems on the older islands of the
Hawaiian Chain indicate that the structure of the nft is composed of
hundreds to thousands of near-vertical thin tabular dikes inter-
spersed with highly fractured country rock (Macdonald and
Abbott, 1970). The trend of the individual dikes parallels the strike
of the nft, and the dip angles of both the fractures and dikes
typically deviate by only a few degrees from vertical (Macdonald
and Abbott, 1970).

The mechanism responsible for the formation of the ERZ is
believed to be the forceful intrusion of magma from the summit
magma reservoir into the rift system at depths of 3—6 km beneath
the summit (Fiske and Jackson, 1972). The occurrence of these
intrusive events, typically indicated by seismic and deformation
changes both at the summit and in the area of an intrusion, may
result in a surface eruption or in the formation of a subsurface dike.
Although the rate of magma intrusion in the rift zone is not well
known, theoretical studies have inferred deposition rates as high as
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TABLE 56. |.—Characteristics of geothermal exploration wells drilled on the Kilauea east rift zone

Bottom
Depth temperature
Well Name (meters) (°c) Comments

2685-01 Ashida-1 2,530 326 Insufficient permeability to sustain production; suspended.

2686-01 Geothermal-1 54.3 54 Drilled 1962, did not reach water table; abandoned.

2686-02 Geothermal-2 169.5 102 Drilled in 1962, did not reach water table; abandoned.

2883=-01 HGP-A 1,967 358 sustained production of 50 t/h of brine and steam.

2883-02 Kapcho State 1 2,222 339 Production rate of 32.7 t/h was achieved during short test; operation suspended.

2883-03 Kapoho State 2 2,440 342 Production rate of 15 t/h was achieved during short test; operation suspended.

2883-04 Lanipuna-1 2,557 »363 High salinity at intermediate depth and temperature, low permeability at depth;
abandoned.

2883-04A Lanipuna-1 1,920 149 Drilled as a slant hole off of 2983-02, maximum temperature of 193 °C with
temperature turnover; abandoned.

2883-0% Lanipuna-6 Very productive low-temperature aquifer encountered at 1,370-m depth,

2883-06 Kapoho State 1A 2,000 300 Drilled in 1984; short-duration testing produced self-sustaining flow; production
rate and subsurface temperature data are presently proprietary.

2982-01 Geothermal-3 210 93 Drilled in 1962; reached water table but insufficient temperature for production;
abandoned.

3081-01 Geothermal-4 88.4 43 Drilled in 1962; insufficient temperature for production; abandoned and now plugged.

3 X 105 m3/mo following the M-7.5 earthquake that occurred on the
ERZ in 1975 (Dzurisin, 1981). Other studies of surface features
such as pit craters (Macdonald and Abbott, 1970; Holcomb,
1980), and of petrologic characteristics of rift eruptions (Swanson
and others, 1976; Moore, 1983) indicate that intrusive bodies
remain molten for extended periods and may act as subsidiary
magma chambers to surface eruptions occurring long after their
initial intrusion into the rift zone.

Numerous geophysical studies tend to confirm this interpreta-
tion. The total-intensity acromagnetic map of the rift zone prepared
by Godson and others (1981) indicates a clear magnetic signature
along the entire length of the rift. This magnetic signature has been
interpreted as indicating the presence of temperatures in excess of the
Curie temperature of basalt at an estimated depth of 2—3 km (D.
Jackson, oral commun., 1985). Controlled-source resistivity surveys
on the upper rift have also indicated low subsurface resistivities at
depths of 2—5 km, which have been interpreted to be thermal fluids
or molten magma bodies (Kauahikaua and others, 1979;
Kauahikaua, 1981). More recent very low frequency (VLF) sur-
veys over the ERZ (Flannigan and Long, chapter 39) have
similarly identified magnetic and resistivity anomalies that have been
inferred to delineate the currently active part of the rift zone and, in
some places, molten magma stored in the rift. Although the presence
of molten intrusives on the LERZ has not been unequivocally
demonstrated, resistivity (Keller and others, 1977; Kauahikaua and
others, 1980; Kauahikaua, 1981), self-potential (Zablocki, 1976,
1977), and deep drilling results (Shupe and others, 1978; Yuen and
others, 1978; Thomas, 1982) have indicated the presence of high-
temperature water.

Although the surface expression of the rift zone is only about
3—4 km wide, some studies suggest that it may be much broader in
the subsurface. Swanson and others (1976) analyzed deformation

and seismic data for the ERZ and proposed that the focus of active
intrusion and eruption on the rift zone has migrated southward with
time. Their model considers the north flank of Kilauea to be
essentially fixed due to the buttressing effect of Mauna Loa to the
north, but that the steep submarine slope to the south of the rift is
more mobile and is readily displaced by the forceful intrusion of
magma into the rift. The sharp bend in the upper rift is interpreted
to be the result of the southward migration of the rift and, on this
basis, a subsurface dike complex on the upper rift could approach
10 km in width. Although this width has not been confirmed,
interpretations of gravity data by Swanson and others (1976) and
gravity and magnetic data by Furumoto (1978) are consistent with a
broad subsurface dike complex.

In summary, the structure of the ERZ consists of a broad
complex of steeply dipping dikes and fractures extending in a
northeasterly direction from the summit caldera for a distance of
more than 100 km to the ocean floor. The available geophysical data
indicate that the maximum temperatures present at depth in the
interior of the rift are in excess of the Curie point. However, the very
high permeability of subaerial and shallow submarine extrusive lava
is likely to allow rapid hydrothermal circulation and high heat loss
rates in the shallow subsurface; hence, only very young intrusives are
expected to be significantly above ambient temperatures at depths of
less than 1—-2 km.

SURFACE HYDROLOGY AND CHEMISTRY

The near-surface hydrology of the ERZ is characterized by
very high recharge rates and rapid subsurface ground-water flow.
Rainfall rates exceed 2.5 m/yr over most of the ERZ, and the very
high permeabilities of the surface volcanic rocks allow nearly 100
percent of the rainfall to penetrate to basal aquifers (Davis and
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Yamanaga, 1968). Ground-water transmissivities are typically
5 X% 10* darcies (Mink, 1977; Druecker and Fan, 1976) and hence
ground-water residence times, as indicated by trittum dating (table
56.2), are typically less than 10-20 years (Kroopnick and others,
1978); discharge of basal fresh water in coastal springs has been
estimated at 88—131 m3/s (Stearns and Macdonald, 1946; Davis
and Yamanaga, 1968; Macdonald and others, 1983).

The temperatures and chemical compositions of ground water
on the LERZ (table 56.2) span a broad range and suggest that
recharge to the basal ground water in this region is received from
several very different reservoirs. Four candidate sources could be
anticipated in the region: cold, fresh meteoric recharge; cold sea
water; hydrothermal fluids of meteoric origin; and hydrothermally
modified sea water. The most convenient tracers that can distinguish
SERRANG these possible reservoirs are temperature, chloride-ion concentration,
and the chloride-ion:magnesium-ion ratio. Above-ambient ground-
water temperatures are clearly indicative of hydrothermal recharge;
chloride-ion concentrations permit the identification of fluids of sea-
Camon water origin; and, because magnesium has been found to be heavily

depleted by hydrothermal processes (Bischoff and Seyfried, 1978;
Cox and Thomas, 1979), the chloride:magnesium ratio is able to
provide a qualitative indication of the degree of hydrothermal
modification undergone by fresh or saline water independent of the
measured temperature. A plot of chloride-ion concentration versus
temperature and versus chloride:magnesium ratio (fig. 56.2)
o provides an indication of the relative contributions of the various
g229% < 23 candidate source fluids to the ground water in the LERZ.
el Endmember compositions for the candidate sources are plotted for
- comparison: fresh water is represented by data from well 2986-01,
|8 located north of the rift; cold saline fluid by sea water; hydrothermal-
meteoric recharge by the early, low-chloride fluids encountered at
HGRP-A;; saline hydrothermal fluids by the fluid compositions found
in high-temperature sea water-basalt experiments (Cl:Mg ratio;
Seyfried and Bischoff, 1981) and at midocean-ridge hydrothermal
systems (temperature).

The distribution of the data points on figure 56.2 suggests the
8% following observations: (1) Chloride concentrations show a broad
L variation ranging from near fresh-water chloride to almost 30
percent sea-water chloride. (2) The chloride concentrations show a
ge88g modest correlation with temperature: higher temperature ground

water generally has a higher chloride concentration. (3) The degree
of alteration of the thermal fluids, as indicated by the Cl:Mg ratio,
generally vanies and is well below that found in HGP-A or in high-
temperature sea water-basalt experiments. (4) The Cl:Mg ratio is
not well correlated with either temperature or chloride concentration:
well 2982-01 shows a high temperature and high chloride con-
centration and a moderately depleted magnesium concentration
(relative to sea water), well 2783-01 shows intermediate tem-
peratures, high chloride, and only minor magnesium depletion, and
well 2487-01 shows a low temperature and low chloride con-
centration but a significant magnesium depletion. These observations
suggest that meteoric recharge is the predominant source for ground
water in the region. However, sea water that has undergone varying
degrees of hydrothermal alteration contributes as much as 30 percent
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TABLE 56.2,—Chemical dala from shallow ground-waler wells on the lower east rift zone
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Geothermal 3

Name
Keauchana
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Kroopnick and others, 1978.
Quartz conductive cooling.

Chalcedony.

1
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2487-01
2783-01
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2986-01
3080-02
3081-02




56. A GEOCHEMICAL MODEL OF THE KILAUEA EAST RIFT ZONE

1511

CHLORIDE-ION : MAGNESIUM-ION RATIO

0 5 10 15 20 25 30 a5 40 45 50 56
201000 T T T T 1 L) L} T T T
sw ®sw @ (350 °C a1 18,180 ppm Cl)
= (188 at 18,880 ppm CI)
18,000 Saline hydrothermal fluids Jd
16,000 | i
3
3 EXPLANATION
E 14,000 |- B Ci:Mg 9
[T
; @ Temperature
&
< 12,000 - i
F-
z
2 10,000
£ 10,000 | -
o
=
]
Q
g 8000 J
Q
2
Q
@
9 eoo00| J
S »2783-01 ©2783-01
I
Q ®2982-01 ®2982-01
4,000 | .
2881-01 HGP-A B
2,000 - o B B (4X105 at 2,000 ppm Ci) 1
308001 239::;0{;1 @ (358 °C at 2,000 ppm Cl)
2986-01 1 248701 3081-01
0 L] SO-EO-U B, o 1 1 ; B2487-01, 1 1 1
0 10 20 30 40 50 60 70 80 80 100 110

TEMPERATURE, IN DEGREES CELSIUS

FIGURE 56.2.—Chloride-ion concentration versus temperature and versus chloride:magnesium ion ratio in shallow ground-water wells on lower east rift zone. Wells are
identified by number (see fig. 56.1). Data from well 2986-01 represent fresh water; HGP-A data represent hydrothermal-meteoric recharge from early, low-chloride-ion
fluids from HGP-A; saline-hydrothermal-fuid data represent high-temperature sea water-basalt experiments (Cl:Mg ratio) and midocean-ridge hydrothermal systems

(temperature); SW, sea water.

of the recharge to the basal lens. The role of high-temperature,
heavily modified, fresh and saline water in the basal aquifers is not as
clearly defined. The chemistry of well 2487-01 could be modeled as
a mixture of fresh ground water with a small addition of low-salinity,
heavily altered hydrothermal fluid. The low temperatures suggest
that the contribution from the latter source is, however, very small.

As many as four source fluids appear to have an influence on
the ground-water temperatures and chemical compositions on the
LERZ :meteoric recharge; cold, relatively unaltered sea water;
higher temperature altered sea water; and low-salinity, heavily
altered hydrothermal fluid.

The mixing of these multiple-source fluids in the shallow
ground-water aquifers renders any attempt to apply chemical geo-
thermometers highly suspect. Temperatures calculated using the Na-
K-Ca geothermometer (Fournier and Truesdell, 1973; Fourner,

1981) are generally correlated with measured temperatures (table
56.2) although the correlation is far from uniform. The silica
geothermometer (Fournier and Potter, 1982) similarly yields varying
apparent temperatures that, although generally correlated with
measured temperatures, do not yield significant insight into the
deeper reservoir.

The rate of convective discharge of the thermal energy from the
interior of the rift can be crudely estimated using the data from the
shallow wells and assuming that: (1) the mean ground-water tem-
perature of the aquifer south of the northern boundary of the ERZ
and east of well 2487-01 is the average of that found in wells 2783-
01, 2881-01, 3081-01, and 2982-01; and (2) the rate of fresh-
water recharge is equivalent to the average rainfall rate in this area.
Using these assumptions, the mean ground-water temperature is
calculated to be about 54 °C. The average rainfall rate is approx-
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FIGURE 56.3. —Downhole temperatures measured in well 2883-01, HGP-A geothermal well. Individual curves reflect downhole temperature measurements made at
specified times after mud circulation in well was suspended. Profile for 9/2/76 was measured with water in borehole.

mmately 2.5 m/yr and the area of interest is approximately 25 x 106
m?; thus, the total fresh-water recharge is approximately 62.5 X 106
m?/yr. Hence the total thermal discharge in this limited region is
estimated to be a minimum of 2.19 X 10'2 kcal/yr or approximately
291 megawatts of thermal energy continuously. If this heat loss rate is
extrapolated over the subaerial rift zone, 50 km of rift zone versus 10

km in the area of the thermal discharge, the heat loss would be
approximately 1,455 thermal megawatts. The magma intrusive rate
estimated by Dzurisin (1981) at 3 X 10 m3/mo would bring an
estimated 2,800 thermal megawatts into the rift zone. In light of the
approximations made and the very short timespans considered, these
values are in remarkably close agreement and may be interpreted to
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FIGURE 56.4.—Downhole temperatures measured in well 2685-01, Ashida 1.

indicate that the rates of convective heat loss to the shallow hydro-
logic system nearly balances the heat recharge from magmatic
processes, If this interpretation is correct, it would in turn suggest
that the residual heat present in a rift zone after cessation of intrusive
activity would decrease very rapidly.

DEEP HYDROLOGY

The HGP-A well, completed in 1976, was the first deep
research well drilled into the ERZ; seven privately funded deep
wells have been completed subsequent to HGP-A in an effort to
further define the geothermal resource discovered by this well.
HGP-A was funded by several public and private agencies (the
U.S. Department of Energy, National Science Foundation, State
of Hawaii, County of Hawaii, and Hawaiian Electric Company),
and hence more data for this well is publicly available than for the
privately financed exploration wells. However, sufficient data has
been released to allow us to permit limited extrapolation of the
HGP-A data to other parts of the ERZ.
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THERMAL CHARACTERISTICS

The available data from all the deep gecthermal wells presently
drilled in the LERZ are presented in table 56.1. All but two of the
wells recently drilled penetrated to a depth of 2,000 m. The
maximum temperatures encountered in each well were substantially
above the normal geothermal gradient found in Hawaii. However,
clear differences are present in the maximum temperatures encoun-
tered in each well, and examination of the temperature profiles is
especially revealing. The temperature profiles used for each well
must be interpreted carefully however: temperatures measured imme-
diately after drilling and mud circulation cease are likely to be below
equilibrium temperatures, whereas those measured after mud has
been cleared from the hole may be affected by water circulation
within the wellbore. The conditions under which the profiles were
taken, if known, are noted.

The well profiles (figs. 56.3—56.6) generally show a shallow
zone of moderate temperature over the first 500—1,000 m of the
well. The moderate and relatively uniform temperatures in this
interval reflect high meteoric recharge rates and rapid ground-water
circulation and mixing in the very permeable subaerial and shallow
submarine basalts. Underlying this zone is an interval of gradually
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side track.

increasing temperature, possibly representing a conductive tem-
perature gradient, that indicates the decline in basalt permeability
and a reduction in the rate of hydrothermal circulation. Below the
conductive region, the temperature gradient may steepen and
approach a curve corresponding to the temperature of steam-
saturated water under hydrostatic pressure (the boiling curve). The
conformance to the boiling curve suggests that the thermodynamic
conditions in the deep reservoir are controlled by hydrostatic
pressure and not by physical barriers, such as a reservoir cap rock.
There are, however, exceptions to this general trend. The data from
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FicURE 56.7.—Conceptual cross section of lower rift showing fluid circulation
across rift zone. Thermal waters, exiting rift toward southeast, form a tongue of
hot water overlying colder fluids below. Drilling on southern edge of rift would
initially encounter thermal fluids at shallow depths, but at greater depths would
reenter lower temperature aquifers.

wells 2883-04A and 2883-05 show a distinct temperature turnover
in the lower portions of both holes. The location of these wells on the
southern boundary of the rift suggests that the wells may have passed
through a reservoir outflow zone and penetrated into colder aquifers
below (fig. 56.7). This interpretation leads to the speculation that
the fractures and intrusives on the southern edge of the ERZ. dip
toward the north. If the rift structure had a southward dip, deeper
drilling in this location would be anticipated to penetrate toward
higher temperature intrusives.

A comparison of the temperature distribution among the wells
and their relative locations shows that the maximum temperatures
encountered are very site specific. For example, well 2883-04
encountered a bottom-hole temperature of >>368 °C, the highest

. temperature reported for the LERZ. wells, but a redrill of this well

(2883-04A), completed as a slant-hole offset, encountered max-
imum temperatures of only 193 °C with a bottom-hole temperature
reversal (figs. 56.5 and 56.6). The bottom of the redrill is less than
500 m from the bottom of its original straight configuration and from
HGP-A, yet its peak temperature is more than 160 °C below the
maximum temperatures encountered in either well. The temperatures
encountered along the southern boundary of the ERZ vary greatly
and may be strongly influenced by local hydrologic conditions.
Although fewer wells have been drilled on the interior of the ERZ,
the reported temperature information indicates somewhat more con-
sistency than is found on its edge (lovanitti and D'Olier, 1984).

PETROLOGY

The petrology of the rocks encountered in the deep exploration
wells has not as yet been analyzed in detail. HGP-A was the only
well from which cores were taken and hence is the only well for
which bulk rock analyses can be done. However, analyses of the
cuttings that have been released from the other wells (Barnwell



56. A GEOCHEMICAL MODEL OF THE KILAUEA EAST RIFT ZONE

Geothermal Corp., unpublished data, 1985) are very informative as
to the type of alteration present. The wells for which preliminary
analyses are available include HGP-A, 2685-01, 2883-04, 2883-
04A, and 2883-05; although analyses have been completed for
wells 2883-02 and 2883-03, the data have not been released, and a
second analysis is currently underway for archived samples from well
2883-02.

Samples of the cuttings from all of the wells indicate the
presence of basalt throughout the section. The morphology of the
basalt ranges from highly vesicular in the shallow subsurface to
dense, nonvesicular pillow lava and dike rocks at depth. Hyalo-
clastites, palagonitized ash, and hematite were found at depths of
500-800 m below ground level and approximately 300—500 m
below the current sea level (Stone, 1977; Barnwell Geothermal
Corp., unpublished data, 1985). The morphology and oxidation of
the basalt may indicate the approximate location of sea level at the
time of extrusion of the lava. Rock textures range from aphyric glass,
associated with chill margins or pillow lava, to olivine-phyric and
plagioclase-phyric lavas.

The alteration mineralogy found in the individual wells follows
a relatively consistent pattern. The shallow parts of the wells are
typified by mild low-temperature alteration and deposition products
such as montmorillonite clays, anhydrite, and calcite (Stone, 1977;
Stone and Fan, 1978; Waibel, 1983). As the depths and tem-
peratures increase, the degree of alteration generally increases as
does the grade of metamorphism. Trends in the mineral suites show
incipient alteration at intermediate temperatures that increases to
total replacement of parent minerals by chlorite and lesser amounts
of accessory products such as albite or, at the highest temperatures,
epidote (figs. 56.8—56.11). In addition to the above, other altera-
tion products found throughout the geologic section include calcite,
anhydrite, zeolites, quartz, pyrite, and magnetite. Despite these
general trends, the degree of alteration is by no means continuous
throughout the section. Alteration is intermittent, and the extent of
alteration at a given depth and temperature varies greatly, thus
implying that the alteration process is highly dependent upon the
access of (saline?) fluids to the interior of the rift. This intermittent
alteration in turn suggests that, whereas temperature is the primary
controlling factor in the alteration of the basalt, fracture permeability
and fluid circulation within the nft are also major factors.

The depths of the various alteration minerals are significant to
the model of hydrothermal circulation within the ERZ. As noted
above, anhydrite is distributed throughout the cuttings from some
wells and is apparently confined to only a few depth intervals in
others. The retrograde solubility of anhydrite and the presence of
relatively high concentrations of calcium and sulfate in sea water
suggest that anhydrite is being deposited from sea water circulating
within the ERZ.. Laboratory studies of sea water-basalt reactions
have shown that calcium sulfate is removed from sea water as
anhydrite (Mottl and Holland, 1978; Mottl and Seyfried, 1980;
Seyfried and Mottl, 1982) and that nearly quantitative removal of
calcium occurs before temperatures reach 225 °C. The presence of
anhydrite in both the low-temperature and the higher temperature
parts of the rift could be accounted for by either of two possible
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mechanisms: (1) anhydrite precipitation continues at higher tem-
peratures as calcium is mobilized from the basalt matrix by hydro-
thermal alteration; (2) the part of the rift penetrated by these wells
has undergone a complex history of heating and cooling associated
with successive episodes of magmatic intrusions and subsequent
cooling by hydrothermal circulation.

Pyrite and quartz are present throughout virtually the entire
section below sea level. Due to the low temperatures and low
metamorphic grades present in the shallow parts of the wells, the
fluids precipitating these minerals probably did not originate at the
depths of deposition, and hence they represent deposition from
cooling hydrothermal fluids discharged from deeper within the rift.

Minerals found in the altered parts of the deep wells are quite
similar to those found in sea water-dominated hydrothermal systems
such as Reykjanes (Tomasson and Kristmannsdottir, 1972;
Kristmannsdottir, 1976), in dredge samples from sea-floor spread-
ing centers (Humphris and Thompson, 1978), and in laboratory
studies of sea water-basalt reactions at high temperature (Mottl and
Seyfried, 1980; Seyfried and Mottl, 1982). Clearly, the primary
agent responsible for the alteration mineral suite observed is the
intrusion of sea water into the interior of the ERZ. However,
because the grade and intensity of hydrothermal alteration in each
well varies with depth, the intermittent highly altered zones in the
reservoir are interpreted to be the result of fracture-mediated
intrusion of sea water into the interior of the rift.

PRODUCTION CHARACTERISTICS

The production characteristics of the individual wells have
varied over a broad range. HGP-A initially produced a mixed-
phase flow comprised of approximately 50 percent steam and 50
percent liquid, at approximately 45,000 kg/h. Discharge rates
increased slightly during testing and, at the beginning of preduction
for the HGP-A generator facility, amounted to approximately
50,000 kg/h. The steam:brine ratio is a function of wellhead
pressure and, at the operating pressure of the facility, is approxi-
mately 57 percent liquid and 43 percent steam at a pressure of
1,200 kPa. Production from the well showed a gradual decline over
the first 40 months of operation of the generator facility amounting to
about 10—15 percent of its total output. However, during a 48-hour
period on the fortieth month, wellhead pressures and production
rates increased by slightly more than was lost during the prior forty
months. The change occurred in distinct steps that were not
accompanied by any seismic activity and hence were probably the
result of a change in the wellhole, such as the elimination of an
obstruction. This interpretation suggests that the total production
from HGP-A may be limited by the borehole diameter rather than
by the inherent productivity of the reservoir.

Analysis of the changes that have occurred in the preduction
chemistry indicates that HGP-A is producing from two separate
reservoirs having very different characteristics. The liquid or brine
phase is apparently produced from an intermediate-depth reservoir
having a temperature of approximately 260—280 °C, whereas dry-
steam production is occurring from near the bottom of the well.
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TaBLE 56.3, —Summary of HGP-A liquid-phase chemistry

Chemical ccntents Na-K-Cal Quar tz2 Water :rock
Depth/ Na K Ca Mg Cl S0, sio, temperature temperature ratio

Date pressure (parts per million) (°c) ) ) ")
12/2/76 1,300 m 480 85 17.3 0.7 920 - 740 262 290 3.2 0.71
2/9/77 103 kpa 720 135 30.1 .1 1,610 = - 219 3.7 .81
4/22/77 103 kpa 1,480 277 72.2 .1 3,190 - - 298 3.5 .77
1/16/80 910 kPa 1,520 224 33.9 .01 2,593 69 832 278 303 3.5 .78
6/12/81 103 kPa 900 200 25.5 .008 2,065 - 1,198 336 296 3.1 .67
9/4/81 1,200 kpa 1,890 295 66.5 .029 3,622 - 860 281 307 3.8 .84
12/11/81 103 kPa 1,590 300 33 .012 2,763 -— 1,004 332 280 2.6 .58
6/7/82 1,170 kpa 3,120 525 122.5 .051 5,667 - 803 309 299 3.2 .71
11/16/82 1,170 kPa 3,940 650 217 .104 7,029 - 829 301 303 3.2 .71
5/4/83 1,170 kpa 4,220 675 270 .152 7:965 - 805 292 300 3.6 .80
12/5/83 1,100 kPa 4,650 763 319 .210 8,827 24 82% 298 303 3.5 .77
6/26/84 1,100 kPa 4,840 773 489 .25 8,900 15 885 282 310 3.5 .77
11/28/84 1,100 kPa 5,420 733 399 .20 9,514 4.5 913 265 314 4.12 .91

lFournLer, 1981.
Fournier and Potter, 1982.

ater to rock ratio based on original sea-water potassium concentration of 399 ppm and Kilauea tholeiite average
concentration of 4,500 ppm, and a potassium removal efficiency of 100 percent.
As above but using an extraction efficiency of 22 percent (Seyfried and others, 1984).

The production characteristics of the other geothermal wells
on the LERZ have not been as well characterized as that from
HGP-A; however, the data available indicate widely divergent
discharge patterns. Short-duration production tests conducted on
three wells north of HGP-A (2883-02, 2883-03, 2883-06) have
clearly confirmed the presence of dry-steam production from the
LERZ reservoir: two of these wells initially produced a mixed
phase of steam and water that changed to dry steam over a period of
a few hours (Iovanitti and D’Olier, 1984). The production rates
from the first two wells were reported to be 15 vh and 33 th,
respectively; however, the duration of the tests conducted and the
presence of debris in the hole suggest that these are neither equi-
librium nor representative flow rates. (This third well, 2883-06,
was also productive; however, the engineering data are presently
confidential. }

In contrast to the wells located north of HGP-A, three of the
wells drilled on the southern boundary of the rift (2883-04, 2883-
04A, and 2685-01) were unable to sustain production at all,
Although permeable zones, as indicated by drilling-mud-loss rec-
ords, were encountered in these wells, the available records indicate
that the permeable zones were much more limited south of the rift
than at HGP-A or in the wells more interior to the rift. The fourth
well, 2883-05, encountered an extremely permeable fracture at a
depth of approximately 1,600 m that did not have sufficient tem-
perature to sustain production.

RESERVOIR CHEMISTRY

The HGP-A well is the only deep well in the LERZ for
which a significant number of samples have been analyzed, and
hence the data set from HGP-A yields the most complete picture of
the chemical processes underway in the hydrothermal system associ-
ated with the ERZ.. The limited data set available from the other
wells is, however, consistent with the model derived from HGP-A.

The composition of the fluids produced by HGP-A during its
production life has shown complex changes during each’ period of
discharge and between periods of discharge. Samples obtained from
downhole samplers and from production fluids taken immediately
after well completion showed very low dissolved solids con-
centrations (table 56.3); chloride levels generally ranged from about
1,000 mg/kg to 2,000 mg/kg whereas the total-solids content was
approximately 3,000 mg/kg to 5,000 mg/kg. Subsequent samples of
discharge fluids showed an increase in the salinities during each well
test but a slight reduction in chloride concentrations between tests.
The rate of increase during the first production tests was relatively
rapid; initial chloride concentrations of approximately 1,000 mg/kg
in the liquid phase increased to more than 2,000 mg/kg after steam
production (flashing) began and continue to increase throughout the
period of discharge. The longest test period, prior to the installation
of the generator facility, spanned 1,000 hours; the chloride con-
centration in the brine at the conclusion of that test was approx-
imately 3,200 mg/kg.

Downhole sampling during the preliminary testing provided
chemical data indicating that production was occurring from at [east
three aquifers: one at a depth of approximately 700 m produced cold
saline water; a second at a depth of approximately 1,500 m
produced low-salinity fluids; and a third at a depth of approximately
1,900 m produced low- to intermediate-salinity fluids (Kroopnick
and others, 1978). Although a subsequent recasing program sealed
off the cold, high-salinity aquifer, continuous discharge of fluids from
HGP-A between 1983 and 1985 continued to generate substantial
increase in salinity (fig. 56.12); by the end of 1985 after four years
of continuous production, the chloride concentrations reached a level
of approximately 10,000 mg/kg.

The other major dissolved sclids present in the brine phase
include sodium, potassium, calcium, and silica. The concentrations
of all but the latter have shown increases similar, although not
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identical, to those observed for chloride (table 56.3). Silica con-
centrations in the brine have shown little if any verifiable change
beyond those associated with changes in the power plant operating
conditions.

In contrast to the evolution of the brine chemistry, the gases
present in the steam phase have shown very modest variations.
Although the gas-chemistry data obtained from HGP-A during the
preliminary well testing are suspect due to analytical and sampling
difficulties, the data indicate that the major gases, CO, and H,S,
were present at concentrations of less than | percent by weight of the
steam. Subsequent analyses, conducted during power plant opera-
tions, determined that the concentrations of the major gases were
approximately as follows: CO,, 1,250 mg/kg; H,S, 950 mg/kg;
N,, 130 mg/kg; H,, 12 mg/kg; and CH,, | mg/kg. Changes in the
gas concentrations were observed during the initiation of well flow
that correspond to stabilization of the reservoir in response to
production, but subsequently they declined at a very modest rate
during the three and cne-half years of power plant operations. The
gas concentrations currently amount to: CO,, 1,150 mg/kg; H,S,
850 mg/kg; N,, 120 mg/ke; and H,, 12 mg/kg.

Although the chemistry data available from the other privately
financed geothermal wells is quite limited, the following information
has been made available: Wells 2883-04 and 2883-04A, located
on the southern boundary of the rift zone, encountered fluids having
salinities approximately equivalent to sea water in the permeable,
intermediate-temperature parts of the holes. Due to inadequate
permeability at depth, these wells were unable to produce steam or a
high-temperature mixed phase. Wells 2883-02 and 2883-03, north
of HGP-A, produced fluids having dissolved-solids concentrations
of a few thousand milligrams per kilogram to near the solids
saturation point, depending upon the wellhead pressures and steam
qualities during the production tests. Reported total gas con-
centrations were approximately 2,000 mg/kg of which 1,100 mg/kg
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FiURE 56.12.—Chloride concentrations in brine phase from HGP-A versus
duration of production. The interval from day 84 to day 183 represents a period
from September 4, 1981, to December 11, 1981 when flow from the well was
suspended.
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was H,S (lovaniti and D’Olier, 1984). Testing of the private
exploration wells indicated that multiple production zones were
encountered in all wells, and hence the precise source for the fluids
are known only to the extent that they are derived from a depth
greater than the casing depth of the wells or about 1,100 m below

sea level.

DISCUSSION OF CHEMICAL DATA

One of the most striking aspects of the fluid chemistry data
from HGP-A is the very low salinities encountered at depth
immediately after well completion. This result was not anticipated,
and the presence of fresh water at depth was initially attributed to
the presence of drilling fluids lost to the deep production aquifers.
However, analysis of tritium levels present in surface waters used for
drilling and those from the reservoir (Kroopnick and others, 1978)
conclusively demonstrated that the early reservoir fluids were not
contaminated by recent surface water. Subsequent analyses con-
ducted after an extended flow test of the well reconfirmed the absence
of significant tritium activity in the reservoir fluids (Thomas, 1980).

Because of the density difference between fresh and saline
water, the Ghyben-Herzberg model, typically used to describe
ground-water hydrology in an island environment predicts that a
fresh-water lens should be found floating above sea water in the basal
aquifers. The thickness of this lens is dependent upon rainfall
recharge rates and the effective permeability of the basal aquifers; in
the vicinity of HGP-A, a lens thickness of approximately 70 m
would be predicted. However, the presence of a heat source in the
ERZ invalidates one of the major assumptions of the Ghyben-
Herzberg model: that a density difference exists between fresh and
saline water. With a heat source present in the ERZ, sea water
entering the hydrothermal system and heated to reservoir tem-
peratures will have a density less than that of cold fresh water. Thus,
cold rainfall recharge can enter the ERZ. from above and displace
warmer, less dense saline water entering the ERZ laterally. This
factor alone probably cannot account for the exceptionally low
salinities observed at depth in the reservoir: cold saline water should
exert a higher hydrostatic pressure on the reservoir than cold fresh
water if the hydraulic head heights and permeabilities of the
respective infiltration pathways are equal. Hence, other factors may
play a key role in the near exclusion of sea water from the deep
hydrothermal reservoir. As discussed above, the rift consists of near-
vertical tabular dikes and fractures trending in an east-west direc-
tion. Hydrologic studies (Stearns and Macdonald, 1946; Takasaki,
1978; Macdonald and others, 1983) have shown that the per-
meability of intrusive materials may be several orders of magnitude
lower than normal country rock, and therefore, the permeability of
the rift zone transverse to its strike should be very much lower than
the surrounding rocks outside the dike complex. The presence of
fractures parallel to the intrusives serves to further increase the
permeability of intervening extrusive rocks within the dike complex.
Hence, the structure of the ERZ. increases the naturally existing
east-west and vertical permeability to fresh-water recharge to the rift
but inhibits the entry of sea water from the south due to the lower
transverse permeability of the dike system.
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A third factor that may play a role in the exclusion of sea water
from the ERZ is the reaction sequence undergone by sea water
when it is heated to reservoir temperatures. Extensive studies
conducted on sea-water chemistry at elevated temperatures (Bischoff
and Dickson, 1975; Mottl and Holland, 1978; Bischoff and
Seyfried, 1980; Seyfried and Mottl, 1982; Pohl and Liou, 1983)
have demonstrated that, when sea water is heated in the presence of
basalt, a number of reactions occur that can substantially alter the
chemical composition of the sea water and the mineral suites present
in the rock. Most pertinent to the present analysis are the findings
that: (1) the retrograde solubility product of calcium and sulfate ions
in sea water result in anhydrite deposition (Mottl and Seyfried,
1980), and (2) reactions at temperatures of 300 °C result in the
devitrification of basalt glass and the breakdown of the common
basalt minerals and result in the deposition of smectites, chlorite,
wairakite, and other alteration products. One sea water-basalt
experiment (Pohl and Liou, 1983) was conducted in a flow-through
cell that reportedly became plugged due to alteration mineral
deposition in less than 48 hours. Similar reactions occurring in the
natural sea water-basalt hydrothermal system on the ERZ may
result in a sequence of fracture-induced permeability and subsequent
sealing by deposition of alteration minerals along the southern
(seaward) boundary of the rift. The presence of anhydrite, deposi-
ted as a vein-filling mineral, and of intermittent zones of intensely
altered but low-permeability basalt in the cuttings from the deep
geothermal wells on the LERZ tend to further substantiate this
process. Thus the initial absence of sea water in the reservoir fluids
encountered by HGP-A can be accounted for by the inhibition of
sea-water recharge into the high-temperature part of the rift by
permeability barriers imposed by the dike complex, self-sealing by
alteration mineral deposition from hydrothermally heated sea water,
and the more rapid recharge of cold meteoric water along highly
permeable vertical fractures within the rift.

The increasing trend of dissolved solids in the fluid phase
produced by HGP-A was initially interpreted to indicate that flud
withdrawal from a single-phase low-salinity aquifer had generated
an expanding zone of boiling around the borehole (Thomas and
Sakai, 1983). This model postulated that migration of the boiling
front into the reservoir led to a progressively steam-depleted (and
solids-enriched) residual brine phase entering the borehole.
However, this model also required a progressive decline in the
relative volume of brine to steam as the boiling front advanced into
the reservoir. The more than fivefold increase in dissolved solids in
the HGP-A brines, however, have not been accompanied by a
similar decrease in the brine:steam ratio. Hence, the single-produc-
tion-zone model has been abandoned in favor of a multiple-produc-
tion hypothesis in which at least two separate production zones are
supplying fluids to the well: one aquifer supplying a higher tem-
perature steam phase and a second supplying intermediate-tem-
perature brine and steam.

Other data supporting this model include the gas con-
centrations present in the HGP-A steam and the reported produc-
tion characteristics of other wells in the LERZ. As noted above, the
concentrations of noncondensable gases present in the HGP-A

VOLCANISM IN HAWAII

steam have changed only slightly during the production history of the
well. A single production zone undergoing progressive boiling
should show a rapid decline in the noncondensable gas concentration
present in the steam due to the strong partitioning of the dissolved
gases in the steam phase. The near constancy of the gas con-
centrations in the steam phase thus substantiate multiple, independ-
ent production aquifers. Further support for the production of brine
and steam from separate aquifers in HGP-A comes from the
production characteristics of wells 28683-02 and 2883-03. Both
wells are drilled and cased to greater depths than HGP-A and both
produced a single-phase steam flow within hours of the beginning of
their flow tests. Thus the reservoir on the LERZ is clearly capable
of producing dry steam. The absence of a brine phase in the more
recently completed wells is attributed to their having been cased to
greater depths than HGP-A and thus having excluded lower
temperature production aquifers.

The steam-production zone present in HGP-A and other wells
on the LERZ is not, however, identical to the more classic dry-
steam reservoirs found at The Geysers, California, and Larderello,
Italy. The latter have lower equilibrium temperatures and are
significantly underpressured: the pressure within the steam zone is
less than hydrostatic pressure at equivalent depths, indicating that
porosity within the reservoir is filled with a low-density two-phase
fluid probably consisting of steam and liquid water (Fournier, 1981).
The reservoir temperatures in the deeper parts of the ERZ have
generally been much higher than those found at The Geysers and at
Larderello and, in the high-temperature wells, follow the boiling
temperature versus hydrostatic pressure curve with depth. Wellhole-
circulation and wellhead-pressure patterns during shut-in (when
there is no well discharge at the surface) indicate that reservoir
pressures are sufficient to maintain circulation from deeper permea-
ble zones to shallow discharge points in the uncased parts of the
roles. Even though dry-steam production is occurring from the deep
reservoir, a single-phase fluid is believed to be present at depth that,
because of the high temperature and low permeability in the reser-
voir, boils entirely to steam prior to entry into the wellhole.

The increased salinity of the liquid phase produced by HGP-A
is believed to be the result of sea-water intrusion into the reservoir.
No other source of chlonide ion of sufficient magnitude to account for
the observed changes exists in the Hawaiian environment (evap-
orites, sediment basins, and so forth) and the sodium:chloride ratio
in the fluids is nearly identical to that for sea water (fig. 56.13).
However, comparison of the chemical composition of the brines with
that of sea water indicates that a substantial modification of the sea-
water chemistry has occurred: potassium and calcium have been
heavily enriched, whereas magnesium and sulfate have been heavily
depleted (table 56.3; figs. 56.14—56.16). These chemical altera-
tions are virtually identical to those observed in laboratory sea
water-basalt reaction studies and in fluids discharged from mido-
cean-ridge hydrothermal systems. In very general terms (for more
detailed discussion see, Mottl and Seyfried, 1980; Reed, 1982;
Seyfried and Mottl, 1982; Mottl, 1983), the sequence of reactions
found to occur in hydrothermal sea water is characterized by an
initial loss of calcium ion to the deposition of anhydrite, the removal
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FICURE 56.14.—Potassium-ion to chloride-ion ratio in HGP-A brines versus
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of magnesium ion to the formation of magnesium oxysulfate
(MgO-nMgSO, - (n—2)H,0; Bischoff and Seyfried, 1978), a
radical decline in pH, and an increase in the sea-water buffering
capacity due to the presence of weak acids such as HCO;; HSOg;
and HCI?, and of MgOH +, a weak base. These chemical changes
occur progressively over a temperature of approximately 70-350 °C
and are independent of sea water-basalt reactions. When sea water
is heated in the presence of basalt, the increased hydrogen-ion
concentration and buffering ability of the fluid drives numerous
reactions that proceed only very slowly or mot at all at lower
temperatures and include the alteration of residual glass and primary
caleic and sodic mineral suites to smectites, mixed layer clays, and
chlorite. These reactions result in the removal of potassium and
lithium from basalt, exchange of calcium for the magnesium lost from
sea water, and under some conditions, depletion of sodium from sea
waler.

g T T T T T T T T o § ™
= 0o o
Xal- o%° o UD ]
g o
£ [ po ° ..
g LEL
I
I ) —]
23 uunqnc'
-
28 o
O, g Ca/Cl in sea water (X100}=1.8 -
< -
3 | o -
o g o
(=]
o . |
<
c
c | i
3
go 1 L 1 I 1 A L I L L L I 1 i I ‘ 1
0 400 800 1200 1600
TIME, IN DAYS
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FiGURE 56.16.—Magnesium-ion to chloride-ion ratio in HGP-A brines versus
duration of continuous production. Magnesium to chloride ratio in sea water is a
factor of approximately 20,000 above that in HGP-A brine and is not plotted.

The hydrolysis of the primary silicates to the alteration-mineral
assemblage buffers the pH of the sea water-basalt system at
approximately 6.8 as long as primary minerals are available to
exchange Ca for H* released by the loss of Mg{(OH),. However,
under sea water-dominated conditions, when the total magnesium
available from sea water exceeds the potassium and calcium present
in the basalt, pH will be buffered in the range of 2—3 depending
upon temperature. This condition has been found to occur at sea
water:rock ratios of approximately 50 and above (Mottl and
Seyfried, 1980)
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The alteration mineral suite typically generated by these reac-
tions includes: zeolite, montmorillonite, illite, anhydrite, magnetite,
pyrite, quartz, chlonite, epidote, actinolite (Mottl and Seyfried,
1980; Reed, 1982; Seyfried and Mottl, 1982). The conditions
under which an individual mineral species is generated or is stable
depends upon kinetics, temperature, and water:rock (W:R) ratios.
Although a detailed discussion of the theoretical modeling of mineral
stability (Helgeson and others, 1981; Reed, 1982, 1983; Reed and
Spycher, 1984) is beyond the scope of the present discussion, the
most pertinent findings of these studies to the present analysis are
that: high temperatures and low W:R ratios favor epidote,
actinolite, and pyrite deposition; high W:R ratios favor chlorite
deposition; and cooling hydrothermal fluids precipitate pyrite and, at
low W:R ratios, magnetite.

The current depletions of magnesium and sulfate and enrich-
ments of lithium, potassium, and calcium in the fluids at HGP-A are
consistent with the theoretical and experimental studies of the sea
water-basalt system. The evolution of the chemical composition with
time, from the initial production chemistry to the present, further
indicates that the apparent W:R ratio has changed during the 4-yr
discharge of HGP-A. Calculation of this ratio, using the potassium-
ion enrichment of the sea-water component suggests that it was
initially substantially less than 1 and that the present ratio
approaches 2. A plot of the relative proportions of the three ions
most sensitive to the W:R ratio further demonstrates its evolution
with time (fig. 56.17). The trends evident in the changing ion ratios
suggest an increasing calcium and magnesium concentration relative
to potassium. Comparison of the trend in the brine chemistry with
laboratory-derived data suggests that, as the sea water:rock ratios
evolve, calcium ion will initially predominate at W:R ratios of
approximately 10 and, as the ratio increases, magnesium will begin
to displace calaum as the major component. More importantly, as
the magnesium and W:R ratio increases, the pH will begin to
decline due to the depletion of calcium from the reservoir rock (Mottl
and Seyfried, 1980; Seyfried and Mottl, 1982) As the pH
declines, the reservoir fluids will become far more aggressive and
begin to mobilize higher concentrations of transition elements such as
iron, lead, zinc, and tin.

A second aspect of the changing brine chemistry is the
apparent change in reservoir temperatures that can be calculated.
The reservoir temperatures calculated using the Na-K-Ca geother-
mometer initially indicated a temperature of approximately 300 °C;
the silica geothermometer when corrected for steam loss (Fournier
and Potter, 1982) yielded a temperature of 305 °C, in good
agreement with the Na-K-Ca geothermometer. Na-K-Ca tem-
peratures calculated using later chemical data from HGP-A have
shown a decline in the calculated temperatures to approximately 250
°C (table 56.3). Silica, however, does not show a similar tem-
perature change. The declining temperature calculated from the Na-
K-Ca concentrations are interpreted to reflect the intrusion of lower
temperature sea water into the intermediate-temperature aquifer
tapped by HGP-A,; the apparent discrepancy between the Na-K-
Ca and silica temperatures is the result of the more rapid equilibra-
tion of silica to reservoir temperatures in the intruding fluids.
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Ca ’ K

FIGURE 56.17.—Relative potassium-, calcium-, and ion concentrations
in: HGP-A geothermal brines (filled stars); hydrod'nennal vent fluids from 21° N.,
on East Pacific Rise (21) and Galapagos (G); Reykjanes geothermal system (R);
liquid phase of high-temperature sea water-basalt experiments at water:rock ratios
of I, 3, 10, 50, 62, and 125 (labeled 1, 3, 10, 50, 62, and 125, respectively);
and sea water (SW) Open symbols rep: quilibrium cor itions at
noted water:rock ratios. HGP-A flud chemistry has evolved fmm a relatively
potassium-rich composition to an increasingly calcium-rich solution and is now
approaching rdalive ion concentrations of fluids at 21° N.

The interpretation of the chemistry of the noncondensable gases
in the HGP-A discharge is not as straightforward as that for the
water chemistry, because two aquifers, having different gas con-
centrations, are supplying steam to the total flow in the well. Any
attempt to partition the gases between the two production zones must
rely on equilibrium calculations that will be dependent upon reservoir
temperatures. A second aspect of the gas data that inhibits equi-
librium calculations is that a significant proportion of the carbon
dioxide present in the noncondensable gases is derived from surface
sources and there is insufficient isotopic data to clearly differentiate
the contributions from the available sources of carbon: sea water,
ground water, and magmatic water.

In spite of these problems, several tentative interpretations of
the gas chemistry can be offered. Comparison of the gas con-
centrations found in the steam at HGP-A with those found in
laboratory sea water-basalt experiments tends to substantiate the
W:R ratios inferred from the brine chemistry. Although mixing of
the gas phase from the two production zones does not allow us to
apportion the amount of gas from each, H,S concentrations present
in the total discharge (water plus steam) suggest that the average
W:R ratio is well below | (Seyfried and Mottl, 1982). The decline
in gas concentrations, although relatively minor, may further indicate
that production of the reservoir is bringing about an increase in the
effective W:R ratios. An alternative explanation of the decline in gas
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concentrations may, however, be that the boiling front in the deeper
reservoir has stabilized, yielding a constant steam:gas ratio.

Another noteworthy aspect of the gas produced by HGP-A is
that a significant proportion of atmospheric carbon is present in the
carbon dioxide: carbon-14 activities determined for the CO, have
yielded apparent ages ranging from about 9—13 ka, or approx-
imately 20 percent of modern carbon activities. Thus, at least 20
percent, or approximately 200 mg/kg of the 1,100 mg/kg of CO, in
the steam phase is made up of surface carbon. This estimate is a
minimum and presumes that the circulation rate in the nft is very
short; a fluid residence time of 5,000 years would increase the
proportion of atmospheric carbon to nearly 40 percent of the total.
The source of this carbon is unclear; ground water typically contains
CO; concentrations of only 10—-20 ppm (U.S. Geological Survey,
1977) and, although sea water has a much higher concentration of
CO,, its relatively modest concentration in the reservoir fluids limits
its contribution to approximately 20—30 mg/kg. The decline in
CO,, concentration during the period of increasing salinity has been
accompanied by a slightly increased apparent age of the CO,, and
hence a sea-water source for the young carbon is not consistent with
the observed trends in age and salinity. At present, no clear
explanation is known for the carbon-14 data; it can only be stated
that atmospheric carbon comprises a significant proportion of the
CO, in the geothermal reservoir and that the fluid circulation time
within the system is not more than 10,000 to 13,000 years.

The CO,:H,S ratio in the noncondensable gases in HGP-A
is much lower than that found in most other geothermal systems
where carbon dioxide predominates the noncondensable gases and is
usually present at a concentration more than 2—5 times higher than
H,S. In the HGP-A fluids they are approximately equal when one
considers the atmospheric contribution to the total CO,. Twe
mechanisms can be proposed to account for the unusual CO,:H,S
ratio found at HGP-A. The first is associated with the high-
temperature reactions occurring in a sea water-basalt system: sea-
water sulfate, at high temperature, oxidizes the reduced iron present
m basalt to generate hematite and reduced sulfur by the reaction
BFeO+S0%~ —>4Fe,0,+5 .

The high concentration of hematite identified in the intensely
altered zones mn HGP-A and other wells (Stone, 1977; Barnwell
Geothermal Corp., unpublished data, 1985) are consistent with this
model, but the relatively low concentration of sea water initially
found in the HGP-A fluds suggests that this mechanism could
supply only a modest amount of the sulfide found in the reservoir
fluids.

The second mechanism that may account for the anomalous
CO,:H,S ratio is that the magmas intruded into the ERZ may be
depleted in magmatic carbon. Studies conducted by Gerlach and
Graeber (1985) suggest that magma held in the summit magma
chamber at Kilauea is preferentially degassed of the more-insoluble
volatiles such as helium and carbon dioxide and that the magma later
erupted from (and presumably intruded into) the ERZ shows a
depletion of carbon relative to sulfur. Hence the low carbon to sulfur
ratios observed in the geothermal fluids may be reflecting the C:S
ratio present in the dike complex on the ERZ. Which of these
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mechanisms is ultimately responsible for the unusual C:S ratio in the
HGP-A fluids cannot be determined at present; however, sulfur
isotopic data currently being gathered may provide further insight
into this question.

Although interpretation of the gas chemistry in terms of
reservoir temperature is hindered by the mixing of the discharge from
two production zones, a very crude estimate of the maximum and
minimum temperatures indicated by the gas data can be obtained
using the methane gas geothermometer of d’Amore and others
(1982) and Nehring and d’ Amore (1984) and making the assump-
tions that: (1) all of the gas present is associated with the deep steam-
production zone; or (2) the well discharge is produced from a single
aquifer. The gas compositions associated with these assumptions
correspond to the gas concentration in the steam phase alone and
that in the total discharge respectively and yield temperatures of 380
°C for the former and 350 °C for the latter. Both of these calculated
temperatures are well above the Na-K-Ca and SiO, temperatures
calculated for the brine phase, but are within the range of measured
downhole temperatures in HGP-A and other nearby wells
(358-368 °C). The modest change in the gas concentrations
present in the HGP-A discharge do not yield an appreciable change
in the gas geothermometry temperatures, indicating that production
of steam from the deeper part of HGP-A has not been substantially
affected by the intrusion of lower temperature fluids.

The few data available from the private exploration wells do
not allow any definite conclusions to be drawn; however, the
information available substantiates the interpretation of the HGP-A
data. The salinity of the fluids in wells along the southern boundary
of the rift tend to confirm the inferred structural control of the nift
system over the flud salinity in this hydrothermal system. The
similarity of the gas concentrations present in the dry-steam wells
and in HGP-A suggests that the majority of the noncondensable gas
produced by HGP-A is coming from the deeper steam zone and,
hence, the calculated gas geothermometer temperatures for the steam
phase may more accurately reflect deep reservoir temperatures than
does the calculation using the gas concentrations in the total dis-

charge.

SYNTHESIS

The data that are presently available, although far from
sufficient to allow a complete understanding of the hydrothermal
system associated with the ERZ, provide at least preliminary
constraints on a model of this unique geothermal reservoir. The
physical dimensions of the hydrothermal system are defined by the
location and age of intrusive bodies within the ERZ. The southern
boundary apparently corresponds to the southernmost extent of
recent eruptive features; temperature inversions in two wells drilled
on this boundary demonstrate at least a localized temperature decline
toward the south. The northern extent of the dike system is suggested
by both geologic mapping and by geophysical models to be several
kilometers north of the currently active part ofthe ERZ. However,
due to heat loss with time, the temperatures present in the older parts
of the ERZ probably will be much lower than those within the
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currently active areas. Aeromagnetic data are in agreement with this
model and suggest that temperatures in excess of the Curie point
(560 °C) are present beneath the southern part of the ERZ but are
lower to the north and south of the currently active rift.

The low salinities found in the deep reservoir fluids at HGP-A
suggest that sea water is effectively excluded from the interior of the
ERZ and that the overall hydrology within the reservoir is control-
led by the rift-zone structure. Fluid flow within the ERZ is
governed by the near-vertical tabular dikes comprising the rift and
its associated fracture system, which trend in a northeast-southwest
direction. The fractures effectively channel fresh meteoric water
along the ERZ and to depth in the hydrothermal system, whereas
the impermeable dike system and chemical self-sealing serve to
inhibit intrusion of saline water from the south. Fresh water entering
the ERZ in the upper elevations of the Kilauea flank penetrate to
depth, are heated within the dike complex, and are discharged at the
lower elevation eastern end of the subaerial part of the rift zone. The
discharge of hydrothermal fluids in this region is confirmed by
surface resistivity data, by ground-water temperature and chemistry
data, and by the chemistry of the hydrothermal-alteration products
found in the deep wells drilled into the LERZ.

The boundary between the meteorically derived hydrothermal
fluids within the ERZ and saline fluids south of the ERZ is
indicated to be quite sharp by the deep drilling data obtained on the
LERZ: HGP-A had an initial chloride concentration of approx-
imately 1,000 mg/kg and a bottom-hole temperature of 358 °C. The
Lanipuna | sidetrack well, 2883-04A, located less than 500 m
south of HGP-A, had an initial chloride content of about 19,000
mg/kg and a bottom-hole temperature of 149 °C.

The chemistry of the fluids circulating within the ERZ zone is
strongly controlled by fracturing in the reservoir. Data from drill
cuttings indicate that extreme alteration of basalt occurs intermittently
down the geologic column and the alteration mineral suite is clearly
generated from sea water-basalt reactions. Thus, access of sea water
to the hydrothermal system does occur; laboratory and field studies
of sea water-basalt reactions have demonstrated that W:R ratios can
strongly influence both the salinity and the pH of the hydrothermal
fluids, and therefore in those parts of the reservoir where sea water is
present at high W:R ratios, the pH of the fluids may be much lower
(and more aggressive) than those currently found in the interior of the

ERZ.

CONCLUSION

A young, actively evolving hydrothermal system is associated
with the Kilauea east rift zone. Its physical characteristics range
from near-surface ambient conditions to temperatures and pressures
approaching the critical point of water. Its chemistry varies from
low-salinity, near-neutral fluids to strongly acid, highly aggressive
saline fluids. Further study of this system will not only provide
further insight into the geothermal conditions present in this reservoir,
it may also add to the understanding of chemical cycling in other
land-based and submarine hydrothermal systems.
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