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Abstract

The principal purpose of this case study of the Sumikawa Geothermal Field is to document and to
evaluate the use of drilling logs, surface and downhole geophysical measurements, chemical analyses
and pressure transient data for the assessment of a high temperature volcanic geothermal field. This
comprehensive report describes the work accomplished during v :(993-1996. A brief review of the
geological and geophysical surveys at the Sumikawa Geothermal Field is presented (Section 2). Chemical
data, consisting of analyses of steam and water from Sumikawa wells, are described and interpreted to
indicate compositions and temperatures of reservoir fluids (Section 3). The drilling information and
downhole pressure, temperature and spinner surveys are used to determine feedzone locations, pres-
sures and temperatures (Section 4). Available injection and production data from both slim holes and
large-diameter wells are analyzed to evaluate injectivity/productivity indices and to investigate the
variation of discharge rate with borehole diameter (Section 5). New interpretations of pressure tran-
sient data from several wells are discussed (Section 6). The available data have been synthesized to
formulate a conceptual model for the Sumikawa Geothermal Field (Section 7).
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1 Introduction

The next major geothermal area in the United
States (U.S.) to be developed is likely to be the
Cascade volcanic zone in the Pacific Northwest
region. At present, detailed practical information
pertinent to the development of geothermal re-
sources in fractured volcanic rocks is scarce in the
U.S. Geothermal resources in Japan, however, are
located in fractured volcanic zones and the

development of the Cascade region would likely:

be expedited by the availability of information
concerning the Japanese experience in geothermal
exploration and reservoir assessment.

In FY 1993, Maxwell*—under a contract with
the U.S. Department of Energy (DOE)/Sandia Na-
tional Laboratories (Sandia)—approached
Mitsubishi Materials Corporation (MMC)** for
release of their proprietary data from the Sumi-
kawa Geothermal Field for use in a case study of a
high-temperature, fractured, volcanic field. As a
result of these negotiations, MMC gave permis-
sion to Maxwell to use pertinent Sumikawa data
obteined prior to 1990. The Sumikawa Gecther-
mal Field is an especially good candidate for a case
study of a high temperature volcanic field. The
Sumikawa Geothermal Field is located in the
Hachimantai volcanic area in northern Honshu,
Japan, about 1.5 kilometers to the west of the
Ohnuma geothermal power station operated by
MMC. The Hachimantai area also includes the
Matsukawa and Kakkonda Geothermal Fields. An
extensive well drilling and testing program was ini-

*Fonqerly S-Cubed Division of Maxwell Technologies.

**Prior to 1990, MMC was known as Mitsubishi Metal
Corporation.

tiated in the Sumikawa area in 1981 with the spud-
ding of boreholes S-1 and S-2 by MMC and the
Mitsubishi Gas Chemical Corporation (MGC). The
New Energy and Industrial Technology
Development Organization (NEDO) became
involved in the field characterization effort with
the drilling of borehole N59-SN-5 in 1984-1985.
During the years 1986-1990, under NEDO spon-
sorship, Maxwell carried out reservoir engineer-
ing studies of the Sumikawa Geothermal Field. The
field characterization program at Sumikawa was
successfully concluded in 1990 with a decision to
build a 50 MWe power plant. The Sumikawa geo-
thermal power plant was commissioned in March
1995.

Because of DOE’s budget constraints, the
Sumikawa case study has been conducted over sev-
eral years (FY 1993 - FY 1996). A report (Garg et
al., 1994) describing work performed during FY
1993 was approved by MMC for publication in
December 1994. DOE decided to fund the second
year (FY 1994) of this project through the Idaho
National Engineering Laboratory (INEL). A report
(Garg et al., 1995) documenting the work carried
out during FY 1994 was submitted to INEL in early
1995. In October 1995, the contract for the Sumi-
kawa case study was transferred to DOE’s Idaho
Operations Office. The work performed during FY
1995 is described by Garg et. al., (1996). The
present comprehensive report documents the stud-
ies carried out by Maxwell during the entire con-
tract period (FY 1993 - FY 1996).

The principal objectives of this study of the
Sumikawa Geothermal Field are as follows:

Case Study of the Sumikawa Geothermal Field, Japan
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. Document and evaluate the use of drilling logs,
surface and downhole geophysical measurements,
chemical analyses and pressure transient data for
IeServoir assessment purposes.

. Evaluate the feasibility of predicting the discharge
characteristics of large-diameter production wells
on the basis of test data from slim holes.

. Demonstrate the usefulness of a map-oriented
geothermal database for interpretation of
exploration data and analysis of exploration strat-
egies and reservoir information.

To provide convenient access to the Sumi-
kawa data base, the pertinent Sumikawa data have
been incorporated into Maxwell’s Geothermal Res-
ervoir Data Management System (GEOSYS).

GEOSYS (Stevens et al., 1992) is an interac-
tive, graphical, map-oriented computer system used
to store, display and analyze large volumes of geo-
thermal reservoir engineering data. The design re-
quirements for GEOSYS were defined by Max-
well scientists experienced in the integration/syn-
thesis of geothermal data. GEOSYS consists of a
set of independent, integrated modules that ana-
lyze and display geographical data, subsurface
cross sections, well structure, well logs, and chemi-
cal and production data. GEOSYS runs on Unix
workstations using the X Window System. More
information about GEOSYS is available on the
World Wide Web at http://www.scubed.com/prod-
ucts/geop/GEOSY S/GEOSYS.html.

The following data have been entered into
GEOSYS:
. Surface tectonic and topographic maps.
. Surface geophysics/geological data.

. Well drilling (circulation loss, deviation, stratig-
raphy) and completion data.

. Core data.
. Well histories.

. Downbhole logs (pressure, temperature, spinner)
in shutin and flowing wells.

. Geochemical data from analyses of well fluids and
hot springs.

. Pressure transient data.

With very few exceptions, the above data sets
(for the period prior to mid-1990) are now avail-
able as part of GEOSYS.

Under its drilling research program, DOE
through Sandia, has initiated a research effort to
demonstrate that slim holes can be used (1) to pro-
vide reliable geothermal reservoir parameter esti-
mates comparable to those obtained from large-
diameter wells, and (2) to predict the behavior of
large-diameter wells. During FY 1993, S-Cubed
was tasked to examine the existing production and
injection data for both small-diameter boreholes
and large-diameter wells at the Sumikawa Geo-
thermal Field. The major thrust of this work was
to evaluate the feasibility of predicting the dis-
charge characteristics of large-diameter production
wells on the basis of test data from slim holes. A
paper discussing the production/injection charac-
teristics of slim holes and large-diameter wells at
the Sumikawa Geothermal Field was presented by
Garg and Combs (1995) at the 20th Stanford Geo-
thermal Reservoir Engineering Workshop.

MMC has carried out a series of pressure tran-
sient (both single well drawdown/buildup and mul-
tiple well pressure interference tests) tests at the
Sumikawa Geothermal Field. These test data are
invaluable for determining the permeability struc-
ture at Sumikawa. During FY 1994, work was ini-
tiated on analyzing some of the pressure interfer-

1-2
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ence tests. Analyses of pressure transient data were
continued during FY 1995 and FY 1996. Two pa-
pers describing certain aspects of this work were
presented at the Twenty-First Stanford Geother-
mal Reservoir Engineering Workshop (Garg and
Owusu, 1996) and at the DOE’s Geothermal Pro-
gram Review XIV (Garg, 1996).

The present report describes the work accom-
plished during the entire contract period (FY 1993
to FY 1996). A brief review of the surface geo-
logical and geophysical surveys is given in Sec-
tion 2. The Sumikawa geochemical data are dis-

cussed in Section 3. The drilling information and
downhole pressure, temperature and spinner sur-
veys for eighteen Sumikawa boreholes are ana-
lyzed in Section 4 to determine feedzone locations,
pressures and temperatures. Available injection
and production data from both slim holes and large-
diameter production wells are analyzed in Section
5 to determine injectivity/productivity indices. The
variation of discharge rate with borehole diameter
is also discussed in Section 5. Results of pressure
transient analyses are described in Section 6. Fi-
nally in Section 7, a conceptual model for the Sumi-
kawa Geothermal Field is presented.

Case Study of the Sumikawa Geothermal Field, Japan
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2 Geology and Geophysics

The Sumikawa Geothermal Field is located
in the Hachimantai volcanic area in northern Hon-
shu, Japan, about 2 kilometers to the west of
Ohnuma geothermal power station operated by
Mitsubishi Materials Corporation (MMC). The
Hachimantai area also includes the Matsukawa and
Kakkonda Geothermal Fields (Figure 2.1). After
the completion of the Ohnuma power station (~ 10
MWe) in 1973, MMC began to conduct exploratory
investigations of the Sumikawa geothermal pros-
pect. An extensive well drilling and testing pro-
gram was initiated in October 1981 with the spud-
ding of boreholes S-1 and S-2 by MMC and the
Mitsubishi Gas Chemical Corporation (MGC). The
New Energy and Industrial Technology Develop-
ment Organization (NEDOQO) became involved in
the field characterization effort with the drilling of
borehole N59-SN-5 (~ 2 km west of S-1 and S-2)
in 1984-1985. During the years 19861990, un-
der NEDO sponsorship, Maxwell (formerly S-
Cubed) carried out geothermal reservoir engineer-
ing studies of the Sumikawa Geothermal Field. All
aspects of the five-year study of the Sumikawa
Geothermal Field performed by Maxwell have
been summarized by Pritchett, et al. (1990). The
field exploration and characterization program at
Sumikawa was successfully concluded in 1990
with a decision to build a 50 MWe power plant.
The Sumikawa geothermal power plant was com-
missioned in March 1995.

In this section, the regional and local geologi-
cal structures in and around the Sumikawa field
(Sections 2.1 and 2.2) are discussed. The geology
is snythesized with the results of geophysical stud-
ies to produce a model of the structure of the field
(Sections 2.3 and 2.4).

2.1 Regional Geology

The Sumikawa/Ohnuma geothermal area is
shown in Figure 2.2. The area depicted is about 42
km?; the Sumikawa Geothermal Field lies in the
western part of the area. The terrain is extremely
irregular. Mt. Yake lies to the southwest of the
Sumikawa area, and Mt. Hachimantai is just to the
southeast (outside the area illustrated in Figure 2.2,
see Figure 2.3). To the north of these volcanic
peaks, the terrain drops away rapidly. Between the
Sumikawa prospect (which may be regarded as
centered in the neighborhood of the S-series bore-
holes, S-1, S-2, S-3, and S-4) and the Ohnuma
borefield is a north-south region of relatively low
ground surface elevation where natural hot springs
and fumaroles are found (Figures 2.2 and 2.3).

The Sumikawa/Ohnuma area lies within a
north-south oriented regional graben structure
which extends many kilometers both north and
south of the Sumikawa area (see Figure 2.1). It
has been postulated that the graben structure ex-
tends into the Sumikawa area but the gravity data
there do not clearly support this interpretation
(KRTA, 1985). The active volcanoes (Mt. Yake to
the west and Mt. Hachimantai to the southeast) and
the Senosawa uplift have perhaps combined to ob-
scure the local graben structure.

The regional tectonic map (Figure 2.1) shows
that the major tectonic features (faults, uplifts and
depressions) strike north-south. The faults are
evident at the surface in rocks of Miocene age and
older but not in surficial Quaternary rocks. Also
seen on the map are east-west lineaments which
align Quaternary volcanoes in the region, includ-

Continued on page 2-5
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ing Mt. Yake and Hachimantai, and which are be-
lieved to be regional fracture zones.

2.2 Geology of the Sumikawa Field

Surface rocks in the Sumikawa area are andes-
itic lavas primarily from Mt. Yake and Mt.
Hachimantai (Figure 2.4). To the northwest, along
the Kumazawa river, are Miocene and older rocks
which in addition to andesitic and dacitic lavas
include outcrops of tuffaceous mudstones and
shale. These rocks are seen in subsurface sections
derived from well logs. The geology can be char-
acterized as densely faulted andesitic and dacitic
lavas with a bed of black shale under a portion of
the field. The average fault spacing is on the order
of 200 m, striking predominantly north-south. A
summary map, Figure 2.5 (originally from a map
made by Compagnie Generale de Geophysique,
CGG, and expanded upon for this report), shows
the locations of faults inferred from electrical sur-
veys (discussed further in Section 2.3).

Extensive faulting has rendered the detailed
geological structure at Sumikawa somewhat ob-
scure, but the abundance of drilling logs from the
various boreholes in the area has revealed an un-
derlying geological sequence which applies to most
of the area illustrated in Figure 2.2. Schematic
cross-sections of the stratigraphy beneath the east-
west line AA” and north-south line BB” (Figure
2.2) are shown in Figures 2.6 and 2.7. These struc-
tural interpretations are based almost exclusively
upon drilling experience.

In order of increasing depth, the formations
at Sumikawa are:

ST formation. Surficial andesitic tuffs, lavas,
and pyroclastics of recent origin (from Mt. Yake).

LS formation. Lake sediments; Pleistocene
tuffs, sandstones, siltstones, and mudstones.

DA formation. Pliocene dacites, dacitic tuffs,
and breccias.

MYV formation. ‘“Marine/volcanic complex”;
interbedded Miocene dacitic volcanic rocks and
“black-shale” oxygen-poor marine shales and sedi-
ments.

AA formation. Altered andesitic rocks that
apparently are extensively fractured.

BA formation. Crystalline intrusive (?) rocks
(mainly granodiorite and diorite).

The BA formation is the deepest so far en-
countered by drilling (well SC-1 bottomed in this
formation at 2486 m depth), but the pre-Tertiary
basement, which presumably underlies the above
sequence, has not yet been reached. Because of a
lack of density contrast among the various deep
formations in the area, the gravity survey cannot
be used to determine the depth to the pre-Tertiary
basement. Little evidence exists for significant
permeability deep within the BA formation, how-
ever, so that it may be permissible to regard this
layer as the “basement” from a hydrological stand-
point.

2.3 Geophysical Surveys

There have been two sets of geophysical stud-
ies performed in the Hachimantai area. The ear-
lier set included gravity, seismic reflection, heat
flow and DC resistivity surveys. The second set
of studies used similar geophysical techniques ex-
cept that a long seismic refraction line was run in-
stead of reflection lines, and magnetotelluric sur-
veys were performed. In the following, we dis-
cuss the results of the individual surveys and at-

Continued on page 2-10

Case Study of the Sumikawa Geothermal Field, Japan

2-5




Geology and Geophysics

]
«
& g 2
oD 2 2 9
i

L ¥3 g 3 2f
o
.m__m MﬂﬁaMae.RW
2! o 5258055 cd

3 @ =i =4 o © - @ ® &
[T =g ‘TR - - O
O =S o & [ a s £

o3 o &2 P BRI ] o =
Sex 0 E 4 V-G gRXLD
Lod =L 32 Yo Enge c San
] oW Ed S a5 88
S 2 =3 <cdomroidd<
R._< OQA_ 4 0 > O x &

*llllllnl
ot 7
= .|_A ' 1
S A
A}
] 3

\\
&‘_Lmﬁa ._ %_A_ ._m,_ dq <« Am a4 41 9
;Za Aot 4T, M g
7 A q
, \Q%A »Q «‘ a4 »» d’ﬁ i

q q 4
«

L

g A
qq 4
q a

«} 4

Case Study of the Sumikawa Geothermal Field, Japan

4 3 -2 -1

At Yake
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Figure 2.5. Summary map of Sumikawa area showing faults inferred from electrical studies.
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Geology and Geophysics

tempt to synthesize the geological and geophysi-
cal findings.

2.3.1 Heat Flow Studies

As part of a heat-flow survey of the Sumi-
kawa/Ohnuma area, temperatures were measured
in 36 shallow (80 meter) heat flow holes. The natu-
ral heat flow was calculated by assuming purely
conductive heat transfer in the near surface zone.
The computed heat flow contours along with the
locations of heat flow holes are illustrated in Fig-
ure 2.8. Although the entire area has elevated heat
flow, the detailed interpretation is complicated by
topographically induced ground water flow, and
convective heat transport in the hot spring areas
(KRTA, 1985). Not surprisingly, the highest heat
flow appears to occur in the hot spring areas.

The estimated thermal output from the Sumi-
kawa hot spring area (near Wells 0-5T, 52E-SM-1
and 52E-SM-2) is about 8 MW, including local
conductive flux and convective fluxes from both
hot springs and fumaroles. Farther north, at the
Akagawa hot spring area (near Well O-3T), the total
heat output has been estimated at about 3.3 MW,
In addition, about two kilometers north of the
Akagawa hot springs, downstream along the
Kumazawa river, three more major hot spring ar-
eas are located; at Toroko, Zenikawa and Shibari
(Figure 2.3). The total thermal output of these three
northern hot spring areas is about 24 MW. All es-
timates of hot spring output quoted above were
provided by MMC and GSJ (Geological Survey
of Japan). Thus, the thermal output of hot springs
1s ~35 MW. Taking into account thermal seepages
into rivers and conductive heat flow, the total heat
flow in the immediate vicinity of the Sumikawa
area probably exceeds 70 MW (see also KRTA,
1985).

2.3.2 Seismic Surveys

The seismic reflection survey in the initial set
of studies showed a reflector at -600 m ASL which
was interpreted by KRTA (1985) as the silaceous
shale and sandstone layer seen at -500 m ASL in
some Ohnuma wells. The seismic section (Figure
2.9) deduced from the refraction line several kilo-
meters south of the Sumikawa field (see summary
Figure 2.5 for location) indicates compressional
wave velocities appropriate to crystalline rocks (5.9
to 6.0 km/sec) at elevations of around -500 m ASL
on the western half of the line, dropping abruptly
to -1500 m ASL near the center, and gradually ris-
ing again to -500 m ASL at the eastern end. This
seismic section supports the hypothesis that the
Sumikawa field is in a graben structure. Because
the seismic refraction survey was taken several
kilometers to the south of the Sumikawa geother-
mal field, the results of this survey are less useful
for the interpretation of local structure in the vi-
cinity of Sumikawa boreholes. An additional re-
fractor, which is the interface between low veloc-
ity rocks (3.0 to 3.4 km/sec) and more competent
rocks (4.7 to 5.0 km/sec), also slopes up to the east
from about sea level at the center (near the abrupt
change in basement) to about 1000 m ASL. We
shall refer again to this interface in the discussion
of the electrical structure below.

2.3.3 Gravity Survey

The Sumikawa field lies on a steep gravity
slope extending from a high centered about 3 km
northwest of the field to a low near Goshagake
about 500 m southeast of the field (Figure 2.10).
The steep change in gravity to the northwest of the
Sumikawa geothermal field is probably associated
with the presence of low porosity crystalline rocks
(mainly grandiorites at shallow depths in this area

Continued on page 2-14
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Figure 2.8. Shallow (80 meter) heat flow holes and computed heat flow contours.
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Figure 2.10. Bouguer anomaly in the north Hachimantai area. The gravity low (41 mgal contour) is
located near the Goshagake hot spring area.
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(see Figure 2.6). A difficulty arises in using grav-
ity to infer changes in deep structure beneath the
Sumikawa geothermal field because density logs
show that the altered andesites which overlie the
basement within the field have densities near 2700
kg/m3, which are very near those expected for the
granite. These thick deposits would effectively
mask the basement gravity signature. In fact, the
gravity anomaly is due in part to the presence of
lighter lake deposits, shales and pyroclastics in the
Hanawa basin. Density logs (MMC, 1986) show
densities between 1100 and 2400 kg/m? in the up-
per 300 m of the wells. A 400 m thick layer of
“deposits with density 2000 kg/m? in a basin
bounded by material with density 2700 kg/m?
would produce a gravity anomaly of over 10 mgal.
In addition, much of the southern part of the field
contains a two-phase mixture of water and steam
within the pore spaces at depth, which would fur-
ther reduce the density and enhance the southern
gravity low.

2.3.4 Electrical and Magnetotelluric Surveys

A DC electrical survey (Schlumberger
method) was performed along essentially the same
line as the seismic refraction line. The section,
shown in Figure 2.11 shows that the resistive base-
ment rises to the east at about the same depth as
the seismic interface between layers with veloci-
ties of 3.0 to 3.4 km/sec and 4.7 to 5.0 km/sec.
The resistive basement is deepest in a down-
dropped block located about 3 km west of the cen-
ter of the section, to the west of the seismic dis-
continuity in crystalline basement.

Magnetotelluric (MT) surveys were con-
ducted in two sets of surveys. The stations of the
first set were incorporated into the analysis of the
second set. The result are shown in the summary

map (Figure 2.5). Numerous electrical
discontinuities mapped by CGG are shown in the
figure. They have classified the discontinuities into
various types and the details of the classification
are not important for the purposes of this report.
However, the relationship of the electrical
discontinuities to features found in other surveys
are important as indications of possible locations
of major faults and local system boundaries. The
discontinuities labeled F1 and F2 in Figure 2.5
coincide with faults shown on geologic maps.
These faults do not penetrate the surface andesite
layer in the Sumikawa field.

The electrical discontinuities labelled D1 and
D2 in Figure 2.5 are drawn along narrow zones of
strong horizontal gradients in conductance. They
separate an area of high conductance (the oval-
shaped shaded zone) from areas of low conduc-
tance (high apparent resistivity) to the northwest
and southwest. Mt. Yake is in the high conduc-
tance zone. These discontinuities are thought to
coincide with the western boundary of the geother-
mal field. The conductance in the shaded zone is
about 300 mhos, while that in the Sumikawa field
(near the well field) is near 150 mhos. Electrical
feature D2 extends to the southeast past refraction
station R4, (where the discontinuity in crystalline
basement is inferred) and probably represents a
regional fracture in the basement.

Results of electrical studies (Uchida, 1995,
Ogawa, et al., 1986 and Uchida, et al., 1986) al-
though different in detail, illustrate the basic struc-
ture beneath Sumikawa. The most recent study
(Uchida, 1995) uses MT and CSAMT to infer a
shallow, thin resistive (100 Qm) layer, overlying a
conductive (1 Qm) layer, which in turn overlies a
resistive (>100 Qm) layer. The upper layer is as-
sociated with the young tuffs and breccias, the in-
termediate layer with the lake deposits and the deep

Continued on page 2-16
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layer with the AA and MV formations (to which
Uchida, 1995, refers as intrusive rocks and Green
Tuffs, respectively). Although there are substan-
tial amounts of geothermal fluids in the AA and
MYV formations, the resistivity is high there because
the host rock is resistive and the conductive fluids
are confined to fractures, according to Uchida
(1995).

2.3.5 Summary

The geophysical studies (particularly seismic
refraction and DC resistivity) have helped confirm
that Sumikawa Geothermal Field is located in a
graben structure. The lake sediments, present in

the vicinity of S-series wells, have low resistivities
(~1 Q-meter). By way of contrast, the reservoir
rocks have rather high resistivities (~100 ohm-
meters). Both the gravity and electrical surveys
imply that the geothermal field is bounded to the
west and the northwest. Itis significant that a geo-
logical discontinuity (i.e., an abrupt change in the
depth to the crystalline granodiorite rocks) is
present in this area. Heat flow studies indicate that
the entire Sumikawa/Ohnuma area has anoma-
lously high heat flow. Not surprisingly, the high-
est heat flow is observed in the hot spring areas—
located in a north-south region of relatively low
surface elevation between the Sumikawa and
Ohnuma geothermal fields.

2-16
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3 Fluid Chemistry of the
Sumikawa Geothermal System

3.1 Introduction

The Sumikawa geothermal field is on the
north slope of Mt. Yake, an active volcano. Typi-
cal volcanic acid sulfate hot springs occur close
(~ 1 km) to the field and other types of volcanic
hot springs occur at greater distances. Sumikawa
well waters are the neutral Na-Cl type with high B
and SiO, and low Ca and Mg. Figure 3.1 shows
general locations of Sumikawa wells, the Ohnuma
power plant and area hot springs. Figure 3.2 shows
more detailed wellhead and wellbottom locations
of Sumikawa and Ohnuma production welis as well
as exploratory wells.

Chemical data concerning the Sumikawa field
consists of analyses of steam and water discharged
from Sumikawa wells S-1, S-2, S-3, S-4, SA-1,
SA-2, SA-4, SB-1, SC-1, SD-1 and SM-2 (loca-
tions in Figures 3.1 and 3.2). The Sumikawa wells
occupy an area of about 4 km?, 2 km west of the
Ohnuma field. The Sumikawa and Goshogake hot
spring areas are nearby (1 km NE and | km SE,
respectively). Analyses are also available for
Ohnuma well discharges and hot spring waters
from the general area. In this chapter the chemical
data for Sumikawa wells is described and inter-
preted to indicate compositions and temperatures
of reservoir fluids.

3.2 Geothermal Water 'I‘Ypes

Based on experience in other volcanic geo-
thermal systems we expect to find a limited num-
ber of basic water types in the Sumikawa area re-
sulting from chemical and physical processes re-

lated to deep volcanic heat. Intermediate waters
may be formed from the basic types by the action
of various physical and/or chemical processes such
as boiling, mixing and rock-water reaction.

The deepest waters are of the neutral, sodium-
chloride type, which result from deep circulation
of meteoric waters with addition of some constitu-
ents from deep magmatic fluids. These waters con-
tain “soluble” constituents (such as Cl, B, As and
others) contained in rocks and volcanic fluids, and
equilibrate with quartz, feldspar and mica to gain
SiOz, Na and K in amounts that depend on tem-
perature. These neutral geothermal waters are the
prime target for exploitation because they usually
have the highest temperatures at reasonable depths
and present few engineering problems.

As the deep neutral chloride waters rise, they
boil and release steamn containing CO,, H,S and
other gases. Steam reacting with rock and mete-
oric water below the surface produces “steam-
heated” waters which are low in chloride and high
in HCO,. They may contain moderate amounts of
SO, resulting from limited oxidation of H,S by
oxygen dissolved in the meteoric water. Most of
the H,S in steam-heated waters is removed by re-

-action with Fe in rocks to produce pyrite. These

waters are found between the zone of boiling and
the surface and are cooler than the deep reservoir.

Steam that reaches the surface partially con-
denses and mixes with surface waters, and H,S con-
tained in the steam is oxidized by atmospheric oxy-
gen to produce acid-sulfate waters. The sulfuric
acid formed is partially neutralized by reaction with
rock minerals and leaches Na, K, Ca, Al, Si0O, and

Continued on page 3-4
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other substances from the rock. The chemistry of
both acid-sulfate and steam-heated waters is de-
pendent on the reaction of steam with rocks at shal-
low depth and has little relation to the chemistry
of the deep water.

Unusual acid-chloride and acid-chloride-
sulfate waters may result from the entry of volca-
nic gases containing HCl (and possibly SO,) into
a geothermal reservoir that has limited neutralizing
capacity (Truesdell, et al., 1989). Acid-sulfate-
chloride water may also be produced when sur-
face acid-sulfate waters percolate underground to
mix with neutral chloride waters. These acid wa-
ters characteristically have much more sulfate than
chloride.

At Sumikawa and Ohnuma the primary geo-
thermal reservoir water is of the neutral, high-chlo-
ride type. This type of water was found in most
wells. The deepened S-2 well at Sumikawa and
wells 0-1R and 0-2R at Ohnuma produced acid-
sulfate-chloride waters with pH < 3.

Hot springs around Sumikawa (Figure 3.1)
are mostly acid-sulfate (Sumikawa, Goshogake,
Akagawa and others) with some neutral chloride
(Zenikawa, Toroko and Shimo Toroko), steam-
heated bicarbonate (Ohnuma and the Akagawa
well) and bicarbonate-sulfate waters (Shibari and
Mataguchigoya) which are probably mixtures of
neutral chloride and steam heated waters. The
Tamagawa spring on the west slope of Mt. Yake
produces mainly partially altered and diluted vol-
canic fluid.

3.3 Well Discharge Chemistry

From 1978 to 1989, Sumikawa wells have
been discharged and sampled for periods ranging
from a few days to six months. Table A.1 (in Ap-

pendix A) shows the period and type of sampling
along with physical data for each sampled well.
All water samples were collected after flashing to
atmospheric pressure and analyses of steam col-
lected at higher pressures were corrected by MMC
to atmospheric pressure. During each test, the en-
thalpy and chemical composition of the discharge
changed but showed a tendency to stabilize. Pre-
sumably, in each case the stabilized properties ap-
proximate those of longer term production.

Chemical analyses of separated water are pre-
sented in Table A.2, gas analyses of separated steam
along with gas geothermometer temperatures, in
Table A.3 and isotope analyses of separated steam
and water, in Table A.4. Geothermometer tempera-
tures calculated from the water analyses are given
in Table A.5. All of these data (except the geo-
thermometer temperatures) were provided by
MMC (MMC, 1985, 1986, 1987, 1988, 1989) and
form part of a continuing study by MMC.

All analyses are for (or have been calculated
to) collection at atmospheric pressure This has been
assumed to be 0.9 kg/cm? absolute (0.88 bars)
based on the elevation of the wells. Water and iso-
tope analyses are presented as they were given by
MMC,; gas analyses have been recalculated to show
percentages of gases on a dry gas basis rather than
percent of CO,, H,S and residual gas along with
residual gas composition. For calculation to aqui-
fer or total discharge basis, discharge enthalpy val-
ues are necessary. In most cases these were taken
from values provided with the chemical data; in
some cases enthalpy was calculated from flows of
steam and water at wellhead or atmospheric pres-
sure given with the chemistry data and in a few
cases discharge wellhead pressure-enthalpy rela-
tionships obtained from “characteristics tests” were
used.

3-4
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The chemical compositions of all Sumikawa
well waters are shown as a Schoeller plot in Fig-
ure 3.3. In this type of plot, the logarithm of the
concentration (in mg/kg) of constituents of an
analysis are connected so that each analysis is rep-
resented by a line. Where data are missing, the line
is broken. With this many data, only general pat-
terns can be seen but the patterns for individual
wells can be compared in separate Schoeller plots
shown later. In comparing these figures, note that
the effect of steam loss or dilution is to move the
line up or down parallel to itself.

3.3.1 Well 5-1

Well S-1, the shallowest well of the field, was
drilled to 448 m in November 1981 (Table A.1).
S-1 produced dry steam at 7.9 kg/cm? wellhead
pressure and 2760 kJ/kg enthalpy when tested in
November 1981 and April 1982. The condensed
steam was low in solutes and in particular had low
chloride (MMC, 1985) indicating that the reser-
voir liquid was probably not acid (Truesdell, ef al.,
1989). The gas was high in CO, and H,S (92 to 95
percent of total dry gas) and was low in N, sug-
gesting that air contamination was minor
(Table A.3). The reservoir temperature (calculated
from downhole pressure) was 213°C. Gas geo-
thermometers based on ratios of single gases to
CO, indicated temperatures between 100° and
170°C (KRTA, 1985) but the D’ Amore-Panichi
(1980) geothermometer indicated 240-260°C
(Table A.3).

Isotope compositions of steam from Well S-1
are near —72 and —10.2 permil in deuterium and
oxygen-18 (Table A.4). The isotope samples were
all collected within a day of April 27, 1982 and
show no variation with time.

3.3.2 Well S-2

Well S-2 was drilled to 905 m (with open hole
below 703 m) and tested in July 1982. This well
produced fluids with average enthalpy values near
2260 kJ/kg (11 percent steam by mass in the reser-
voir fluid) and liquid enthalpy (calculated from
geothermometer temperatures) of 1080 kJ/kg from

A.5). Liquid enthalpy values are used so that they
may be compared directly with measured total fluid
enthalpy values. Aquifer chloride concentrations
calculated assuming these reservoir temperatures
increased from less than 250 mg/kg to 540 and 585
mg/kg (Figure 3.5). Aquifer chloride is calculated
assuming that all cooling between the aquifer and
the surface is by steam loss.

In October 1982 the well was deepened to
1065 m (still with open hole below 703 m). Down-
hole temperatures measured in the deepened well
exceeded 230°C at 700 m and 240°C at 900 m. In
November 1982 and May 1983 the well was re-
tested. Relative to the July 1982 tests, the enthalpy
had decreased to about 1045-1130 kJ/kg and cal-
culated reservoir temperatures increased slightly
to 230-260°C. During the tests temperatures
seemed to stabilize at 245°C (equivalent to liquid
at 1060 kJ/kg enthalpy) in agreement with mea-
sured enthalpy values and downhole temperatures.
The well was now withdrawing only liquid (no
steam) from the reservoir. Aquifer chloride in-
creased through the second and third tests from
about 200 mg/kg to about 550-600 mg/kg, nearly
the same as during the July 1982 test of the origi-
nal (shallow) hole. The water feeding the well af-
ter deepening was similar to the earlier water in
chloride concentration and slightly hotter but with
no reservoir steam inflow. Gas temperatures after
deepening were very high possibly indicating lack
of equilibrium (Table A.3).

Continued on page 3-8
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Figure 3.3. Schoeller diameter of all analyses of Sumikawa well waters. See text for explanation.
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Figure 3.4. Enthalpy of total discharge fluid and acquifer water of Sumikawa well S-2.
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Figure 3.5. Chloride concentrations of flashed and (analyzed) water and aquifer liquid calculated
from geothermometer temperatures TQA and T13 for Sumikawa well S-2.
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Unfortunately, the deepened well produced
acid-sulfate-chloride water (pH 2.6-2.8) whereas
the original well had produced neutral water. It
seems probable that with continued testing the
original well would also have evolved to acid pro-
duction, because during the first test pH values
dropped from 7.2-7.9 to 5.5-5.9 and SO, concen-
trations increased from 655 to 760 mg/kg. The acid
waters contained more Mg and Fe, and lower B
and (in the last test) Ca. The Fe may have come
from corrosion of the casing or possibly from so-
lution of iron-magnesium minerals. Possibly an-
hydrite and boric acid were precipitated or the
newly tapped deeper (?) water contained less B
and Ca and more Mg. After deepening, the pH was
near 2.6 and the sulfate was about 2000 mg/kg.
The chemistry tended to stabilize with time in both
cases (before and after deepening), although Cl was
probably still increasing during the last test (Fig-
ure 3.4). The general trend of increases in solute
concentrations with little or no corresponding in-
creases in geothermometer temperatures may have
resulted from replacement of shallow neutral wa-
ter (some possibly from drilling) with deeper acid
water while temperatures were controlled by equili-
bration with rock.

Isotope analyses of steam are limited
(Table A.4) but isotope compositions of separated
water collected before and after deepening do not
vary with time. The total discharge compositions
(calculated by MMC) are —73 and —11 permil for
0D and 8'80 before deepening and —69 and ~10.9
after deepening.

The chemical pattern of well S-2 waters
shown in a Schoeller diagram (Figure 3.6) is quite
different from other waters, having higher Mg, Ca
and SO, and lower B. The change to acid water
after deepening accentuated these differences (ex-
cept in Ca).

3.3.3 Well S-3

Well S-3 was drilled to 805 m between July

- 1982 and June 1983. The well was cased to 603 m

with open hole below. The maximum measured
downhole temperature was near 236°C at about
620 m. During the first flow test (July and August
1983) a casing break was discovered and a 3-inch
pipe was set near bottomhole. This apparently did
not affect fluid compositions. The well was tested
again from October 1983 to January 1984.

Chemical analyses of S-3 discharge waters ex-
hibited the effects of flushing of shallow (drilling?)
fluids, as was the case with well S-2 (Table A.2).
Calculated aquifer chloride increased in the first
test from 35 to 110 mg/kg and in the second test
from 25 to 140 mg/kg (Figure 3.7). Chloride con-
centrations did not appear to have stabilized dur-
ing either test. In contrast, temperatures indicated
by geothermometers were apparently stabilized by
heat exchange with rock as discussed earlier. Sta-
bilized silica temperatures were similar (225°C)
for both tests with 10°C higher temperatures indi-
cated for the last few samples (Figure 3.8). Na-K-
Catemperatures were similar to silica temperatures
except for the three last samples which were 20°
to 30°C higher. Changes in Na-K-Ca temperatures
resulted from a change in reported Ca concentra-
tions from 1-5 mg/kg to 0.4 mg/kg. This could be
an analytical or reporting problem and not repre-
sent a change in fluid temperature.

The low chloride concentrations were inter-
preted by KRTA (1985) as resulting from the short
time interval between the end of drilling and the
start of discharge tests, with large quantities of drill-
ing water remaining in the reservoir near the well.
This is possible for the first test starting a month
after completion but is less likely for the second
test in which initial fluid was even more dilute af-

Continued on page 3-11
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Figure 3.6. Schoeller diagram of well S-2 water analyses. Acid waters from the deepened well lack
HCO; and are distinctly higher in Mg and SO, and lower in B.
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Figure 3.7. Chloride concentrations for flashed and aquifer waters of Sumikawa well S-3.
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Figure 3.8. Enthalpy of total discharge fluid and aquifer water of Sumikawa well S-3.
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ter a two month rest. KRTA (1985) modeled the
change in chloride and concluded that the stabi-
lized aquifer concentration was near 150 mg/kg.
This is much lower than that found in well S-2.
The initial dilute waters in S-3 tests may come from
a shallow steam-heated aquifer that has restricted
production and is overwhelmed by deeper
production as the test continues. This water was
replenished during shut in periods.

The total discharge isotope compositions of
S-3 fluids vary with time showing initial effects of
the near surface fluid. The last analyses are 8D = —
71.7 and 820 =-10.1, nearly identical to the com-
position of S-1 steam (Table A.4).

Well S-3 water (Figure 3.9) is chemically
similar to S-2 water with relatively high Mg and
low B even though it is neutral. This water has
lower salinity than most others and relatively high
HCO, and SO, compared to CI. These character-
istics suggest that S-2 and S-3 waters contain a
component low in B and high in Ca, Mg, SO, and,
in S-3, HCO,. The main difference between S-3
water and neutral S-2 water is that S-3 water is
about one-third as concentrated.

3.3.4 Well S-4

Well S-4 was completed in November 1983
to a total depth of 1552 m with open hole below
1071 m. The maximum measured downhole tem-
perature was 300°C near the bottom. The main feed
point is also near bottomhole. Prior to 1988, the
well was tested three times: in July-November
1984, August-November 1985, and July-November
1986 (Table A.1).

The chemical results ..om each of these tests
were similar in pattern (Figures 3.10 and 3.11). The

enthalpy and geothermometer temperatures were
high initially but then rapidly decreased, seeming
to stabilize by the latter third of the test. The mea-
sured total enthalpy values (reduced by 250 kJ/kg
to correct for the difference between 1984-1986
enthalpy values obtained from two-phase flow data
and direct measurements made in 1988) are higher
than liquid enthalpy values calculated from geo-
thermometer temperatures, indicating that the well
is being fed by both steam and water. During each
year’s test, the decrease in geothermometer tem-
peratures and enthalpies show an apparent rapid
transition from a higher-temperature to a lower-
temperature fluid supply with time. Chloride con-
centrations also declined during each test, from
high levels (near 300 mg/kg in 1984 and 280 mg/
kg in 1985 and 1986) to apparent stabilization at
180-190 mg/kg in 1984 and 1985 and at 170-185
mg/kg in 1986. Oscillatory behavior occurred, par-
ticularly in 1984 with 2!/; oscillations before the
last test (Figure 3.11). The cause of this is not un-
derstood but might be due to “geysering” that
changed the proportion of the two fluids feeding
the well.

In 1988, the same general decrease in chlo-
ride occurred with maximum and minimum val-
ues lower than in previous years. The behavior of
total and liquid enthalpy (Figure 3.10) was differ-
ent with initially no excess enthalpy (total and lig-
uid enthalpy values nearly the same). In later tests
liquid enthalpy values dropped but total enthalpy
was nearly constant. The division into high and
low enthalpy fluid was less distinct and the aver-
age enthalpy was similar to that of the earlier low
enthalpy fluid. Although the average was similar,
the minimum dropped to unrealistically low val-
ues.

These temperature and chloride trends are the
opposite of those observed in the S-2 and S-3 tests,

Continued on page 3-14
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Figure 3.9. Schoeller diagram analyses of waters from well S-3.
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Figure 3.10. Enthalpy of total discharge fluid and aquifer water of Sumikawa well S-4.
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Figure 3.11. Chloride concentrations of flashed and aquifer waters of Sumikawa well S-4.
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in which drilling water in the formation made early
samples more dilute (and sometimes cooler) than
later samples (Figures 3.5 and 3.8). The behavior
of S-4 suggests that two zones feed the well: a
higher temperature, higher chloride, steam-rich
zone and a liquid zone at slightly lower tempera-
ture and with much lower chloride. The relative
contribution of the high-temperature zone de-
creases wi:.. time during each test and the latter
part of each test is dominated by the cooler, more
dilute zone. Although the temperature decrease is
real it is not large (about 25°C) whereas the change
in chloride is much larger—about 100 mg/kg or
one third of the total. KRTA (1985) suggested that
unloading of drilling mud delayed production from
the lower temperature zone. This is not tenable in
light of the nearly identical behavior of the 1984,
1985 and 1986 tests.

Isotope compositions of high and low en-
thalpy fluids were distinct in 1984 and less so in
other years (Table A.4). The initial discharge was
near 8D = -72, 8'80 = —9.8 in 1984, 1985 and
1988, but lower in 1986. The final discharge was
much lighter isotopically in 1984 than in other
years.

Compositions of S-4 waters (Figure 3.12)
vary markedly in Ca and Mg but less so in other
constituents. Samples high in Mg tend to be low
in Ca and vice versa (also true for some §-3 wa-
ters). High Mg, low Ca analyses occur mainly in
1984 with later samples low in Mg and higher in
Ca. This may reflect a change in analytical meth-
ods. The high-enthalpy, high-Cl water produced
at the start of testing in 1984-1986 was relatively
low in HCO, and SO, and high in B suggesting a
deeper origin than the cooler, low-Cl water that
dominated at the end of each test. This low-Cl water
is similar in concentration and constituent pattern

to most waters produced from SA-1, SB-1 and SD-
1 and some from SC-1.

3.3.5 Well SA-1

Well SA-1 was directionally drilled in 1987
from near well S-4 to a total depth of 2002 m. The
well was tested and sampled in October and No-
vember 1988 and from June to November 1989
(1989 tests are described separately). This well
discharges almost entirely steam (2090 kJ/kg total
enthalpy) with a few water analyses giving scat-
tered indications of liquid enthalpy ranging from
1005 to 1505 kJ/kg with a cluster of values near
1215-1255 kJ/kg (Figure 3.13). Reservoir chlo-
ride concentrations are also scattered initially, but
stabilized at 500~-600 mg/kg (Figure 3.14). MMC
has calculated a total discharge isotope composi-
tion of 8D = —76.8 and §'80 = -9.6 (Table A.4).

Chemical analyses of waters from SA-1 are
few but show a consistent pattern (Figure 3.15)
similar to (but more concentrated than) low-Cl S-
4 water. The lower Cl analyses in Figure 3.15 are
steam condensate or condensate mixed with sepa-
rated water.

3.3.6 Well SA-2

Well SA-2 was directionally drilled in No-
vember 1986 to a total vertical depth (TVD) of
1943 m. In 1987 a temperature of 317°C was mea-
sured near the hole bottom. The well apparently
was not sampled before the April-May 1989 in-
jection of nearly 30 thousand tons of cold water
(Table A.6). Despite the cold water injection 1989
production was almost entirely steam along with

Continued on page 3-18
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Figure 3.12. Schoeller diagram of well S-4 water analyses. The few very dilute waters in this and
following diagrams are steam condensates.
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Figure 3.13. Enthalpy of total discharge fluid and aquifer water of Sumikawa well SA-1.
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Figure 3.14. Chloride concentrations of flashed and aquifer waters of Sumikawa well SA-1.
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Figure 3.15. Schoeller diagram of analyses of waters from well SA-1.
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highly variable, partially evaporated mixtures of
condensate and water (Table A.2 and Figure 3.16).

3.3.7 Well SA-4

Well SA-4 produces nearly pure steam. This
well was also directionally drilled from a location
near well S-4 to a total vertical depth of 1739 m.
Tests in 1988 produced only traces of liquid, mainly
condensate, from which reservoir liquid enthalpy
and chloride could not be reliably calculated (Table
A.2). Isotope compositions of steam probably re-
flect a reservoir liquid with 8D = ~72.8 and §'30 =
—-10.4 in 1988 (Table A.4).

Water analyses from high-enthalpy wells
SA-2 and SA-4 show little pattern and extremely
varied concentrations (Figures 3.16 and 3.17).
These compositions probably are mixtures of steam
condensate and some reservoir water that have been
affected by evaporation, oxidation and other reac-
tions occurring during production and are not rep-
resentative of reservoir fluid.

3.3.8 Well SB-1

Well SB-1 was drilled to a total vertical depth
of 2006 m in late 1987. The well was tested from
June to November 1989 after about 16 thousand
tons of cold water were injected in April and May.
The fluids produced showed strong effects of the
cold water. During the 5 months of the test co.:-
centrations of chloride and other solutes increased
by a factor of four without leveling out (Figure
3.18). However, total fluid 8!80, geothermometer
temperatures and measured enthalpy increased rap-
idly and became constant after about a month (Fig-
ures 3.19 and 3.20).

The Schoeller diagram of SB-1 waters (Fig-
ure 3.21) shows changes from a mixed Ca, HCO;,
SO, water, relatively low in Na, K, Cl and B, to a
more typical geothermal water high in Na, K, Cl,
and B, and low in Ca. Silica, HCO, and SO, show
less change than other components because they
are controlled by rock minerals (quartz, calcite and
anhydrite) and gases (CO,, H,S).

3.3.9 Well SC-1

Well SC-1 was drilled in 1987 to a total depth
of 2486 m. The well was tested in August, October
and November 1988 and in 1989. This well pro-
duced a mixture of steam and water with total en-
thalpy similar to the liquid enthalpy computed from
geothermometers (Figure 3.22). There is some
scatter in enthalpy calculated from the Na-K-Ca
geothermometer, but most values of temperature
calculated from total enthalpy and from silica con-
centrations are close to 280°C with Na-K-Ca tem-
peratures about 20°C lower. During the 1988 test
there is no indication of change of total or liquid
enthalpy either from flushing of drilling water or
multiple feed zones. The aquifer chloride concen-
tration was 300 * 10 mg/kg (Figure 3.23,
Table A.S). During the 1988 tests the total dis-
charge isotope composition showed decreases of
10 permil and 0.5 permil in 8D and 8'%0 with fi-
nal values of 8D = -74.4 and §'30 = -9.1 (Table
A4).

Well SC-1 was not subjected to cold water
injection in 1989 and chemical and isotopic data
from 1989 are similar to those from 1988. Liquid
enthalpy values calculated from silica remained un-
changed at 1170 klJ/kg and liquid enthalpy from
Na-K-Ca showed less scatter than in 1988 and a
similar average of 1045 kl/kg (Figure 3.22). The
measured total enthalpy increased to 1260 kl/kg

Continued on page 3-25
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Figure 3.16. Schoeller diagram of water compositions from well SA-2 discharge. The wellhead fluid
was almost entirely steam, and liquid water compositions vary widely.
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Figure 3.17. Schoeller diagram of water compositions from well SA-4 d.
the discharge was almost entirely steam.
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Figure 3.18. Changes in analyzed chloride in separated water from well SB-1 in 1989.
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Figure 3.19. Changes in oxygen isotope composition of steam from well SB-1 in 1989. Steam 880 is
plotted because other isotopic data are less complete.
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Figure 3.20. Enthalpy of total discharge fluid and aquifer water of Sumikawa well SB-1.
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Figure 3.21. Schoeller diagram of well SB-1 water analyses.
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Figure 3.22. Enthalpy of total discharge fluid and aquifer water of Sumikawa well SC-1.
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Figure 3.23. Chloride concentrations for flashed and aquifer waters of Sumikawa well SC-1.
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(from 1170 kJ/kg) indicating that boiling and ex-
cess steam production occurred in the reservoir.
Reservoir chloride concentrations remained un-
changed at 300 mg/kg (Table A.5). The single 1989
total discharge isotope analysis of 8D =—65.8 and
8180 = -8.7 is significantly heavier than the final
1988 analyses and resembles early 1988 analyses
(Table A.4). The reason for this change is not un-
derstood. Except for the coincidence of early 1988
and 1989 compositions it might be inferred from
the isotope data that cold water injected into other
wells in 1989 affected the isotope composition of
SC-1 fluid.

The Mg and Ca concentrations of SC-1 wa-
ters are quite variable (Figure 3.24 and Table A.2);
1988 analyses are high in Mg and low in Ca rela-
tive to 1985 samples. This is probably niut due to
cold water because Na, K and B do not change
significantly between years.

3.3.10 Well SD-1

Well SD-1 was drilled in late 1986 to a depth
of 1691 meters. Well SD-1 fluids were first sampled
from August to December 1989. Although during
1989 cold surface water was not injected into well
SD-1, cold water from a one-month discharge test
of well SC-1 was injected into well SD-1 in late
1988. The injection from October to November
1988 involved approximately 150,000 tons of sepa-
rated water. It is noteworthy that the quantity of
water injected into well SD-1 in 1988 is five times
greater than that injected into any well in April and
May 1989, and is over 60 percent of the total quan-
tity of fluid subsequently discharged from well SD-
1in 1989.

It is therefore not surprising that, unlike other
wells, the fluids discharged from well SD-1 did

not attain constant measured enthalpy during the
1989 discharge test (Figure 3.25). At early times,
the measured wellhead enthalpy is similar to val-
ues computed from silica concentrations suggest-
ing production from an all-liquid reservoir zone.
In the later samples, the measured wellhead en-
thalpies are much higher but the computed liquid
enthalpies increase only moderately; this suggests
boiling in the formation. Aquifer chloride concen-
trations increase throughout the test with no stable
maximum indicated (Figure 3.26). Since the chlo-
ride content of the fluid samples obtained from well
SC-1 is significantly greater than the maximum
aquifer chloride concentrations indicated by SD-1
discharge, it would appear that the proportion of
the previously injected water recovered during the
1989 discharge test of well SD-1 increased with
time.

Well SD-1 has several fluid entries in the in-
terval between 800 meters to 1570 meters vertical
depth. In geothermal wells with multiple feed-
zones, the proportion of fluid entering a particular
feedzone during injection is often quite different
from that produced in a discharge test. Available
spinner records for well SD-1 (see Section 4.15)
indicate that most (~ 80 percent) of the injected
fluid enters feedzones located at or below ~ 1500
meters; these feedzones, however, supply a rather
small fraction (~ 20 percent) of the fluid discharged
from well SD-1 in 1989. Because of boiling-in-
duced throttling of shallow feedzones, it is likely
that the proportion of the fluid contributed by the
deeper feedzones increased somewhat with time.
It is therefore possible that the fraction of previ-
ously injected fluids in the discharge of well SD-1
increased slightly during the 1989 test. Thus the
observed geothermometer temperatures and chlo-
ride contents are consistent with the production of
some previously-injected waters mixed with na-
tive reservoir fluids

Continued on page 3-28
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Figure 3.24. Schoeller diagram of water compositions of well SC-1 discharges. Very dilute waters are
steam condensates.
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Figure 3.25. Enthalpy of total discharge fluid and aquifer water of Sumikawa well SD-1.
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Figure 3.26. Chloride concentrations for flashed and aquifer waters of Sumikawa well SD-1.
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3.3.11 Well 52E-SM-2.

Well SM-2 was drilled to 803 m in Septem-
ber 1978. After a production test, the well was deep-
ened to 1001 m and casing was installed to 803 m.
Well testing and fluid sampling was done from Oc-
tober 1978 through November 1979. Measured en-
thalpy was more variable than enthalpy from silica
which, after the first measurements was constant
at 1100 kJ/kg. The NaKCa geothermometer could
be applied only to the first analysis as the rest were
not analyzed for calcium (Figure 3.28). Similarly
aquifer chloride calculated from silica was nearly
constant at 325 mg/kg except for the start and end
of the period (Figure 3.29). SM-2 water composi-
tions are similar to those for other waters, but pos-
sibly have less HCO, and B (Figure 3.30). These
analyses are, however, much earlier than any oth-
ers and different analytical methods may have been
used.

3.3.12 Typical Reservoir Water

Most waters produced from SA-1, SB-1 and
SD-1 and some from SC-1 (Figures 3.15,3.21,3.24
and 3.27) are similar in concentration and constitu-
ent pattern to the cooler, low-Cl water produced
from S-4 (Figure 3.12). The main differences are
higher HCO, in SC-1, and higher Ca in SB-1 and
SD-1. It is likely that the composition common to
these wells is representative of most of the Sumi-
kawa reservoir fluids with less volcanic influence
than in the high-Cl S-4 and S-2 waters and less
surface influence than in S-3 waters. Well SM-2
probably belongs to this group but Mg is much
higher and Ca analyses are lacking (Figure 3.30).

3.4 1989 Tests of Cold Water Unloading

In 1989 an experiment was undertaken by
MMC to improve the productivity and injectivity
of wells. In April and May 1989 large quantities
of cold water were injected into each well
(Table A.6). For most wells, the cold water changed
the composition of produced fluids compared to
1988 samples. These injection-induced changes de-
creased with time during the 1989 tests but may
have been present throughout in some cases. The
total and liquid enthalpy values recovered rapidly
because the injected water was rapidly heated to
rock temperatures. Fluid compositions recovered
more slowly with initial produced liquids low in
Cl and high in HCO, and SO,.

A triangular diagram from MMC (Fig-
ure 3.31) shows these changes with evolution to-
ward chloride compositions from CI-HCO,-SO,
and CI-SO, compositions. The initial ratios of SO,
to HCO, were not the same for all wells, with SA-4
and SB-1 having the highest HCO,, and S-4 and
SD-1 lower in HCOj, but all about the same SO,.
Some wells are represented by few points (SA-4,
SD-1) and some show little change (SA-2).

A similar diagram (Figure 3.32, also from
MMC) shows gas ratios with a clear change from
predominance of residual gas (mostly N,) or H,S
toward dominance of CO,. The N, was probably
introduced along with cold injectate either as a gas
(probable for SB-1) or dissolved. The explanation
for the evolution towards higher CO,/H,S ratios is
less clear. HCO, introduced in cold water may have
been slowly converted to CO, or introduced O,
may have slowly converted H,S to SO,.

Continued on page 3-34
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Figure 3.27. Schoeller diagram of well SD-1 water analyses.
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Figure 3.28. Enthalpy of total discharge fluid and aquifer water of Sumikawa well SM-2.
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Figure 3.29. Chloride concentrations for flashed and aquifer waters of Sumikawa well SM-2.

3-30

Case Study of the Sumikawa Geothermal Field, Japan




Fluid Chemistry of the Sumikawa Geothermal System

Log Concentration, mg/kg

-2 T T T T T T T T
Na K Ca Mg HCO3 Cl S04 B SiO,

-

Figure 3.30. Schoeller diagram of well SM-2 water analyses. Calcium was not analyzed in most of
this set.
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Figure 3.31. Changes in relative anion compositions of separated water during 1989 (from MMC).
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Figure 3.32. Changes in relative gas compositions of separated steam during 1989 (from
MMC).
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MMC made numerous partial analyses of dis-
charge from wells SB-1, SC-1, and SD-1 to show
changes in chloride, silica and enthalpy related to
cumulative mass flow after injection (Figures 3.33,
3.34). Some of these analyses are given in Table
A.7. It is noteworthy that, except for silica and
chloride in discharge from SC-1 (which was not
injected with cold water), the data do not reach
constant values. The analyses in Table A.7 (unlike
Figure 3.34) do not include silica values so reser-
voir temperatures cannot be exactly compared with
data in Tables A.2 and A.5, but the trends in Fig-
ures 3.33 an 3.34 are similar to those in Figures
3.18,3.20, 3.22, 3.23, 3.25 and 3.26.

For wells S-4 and SA-1, stabilized 1989 val-
ues of total and liquid enthalpy were similar to
those of 1988 (Figures 3.10, 3.13). For these wells,
1989 enthalpy data is less scattered than 1988 data.
S-4 and SA-1 show a pattern of enthalpy increase
to a broad maximum, sometimes followed by a
small decrease. Chloride in S-4 increased without
reaching a maximum,; this behavior is contrary to
that seen in previous years ( Figure 3.11).

SB-1 showed depressed enthalpy values at
first, but enthalpy increased and became constant
in the second half of the test (Figure 3.20). Oxy-
gen isotope compositions similarly increased and
became constant (Figure 3.19) while aquifer chlo-
ride increased but showed no tendency to constant
values (Figure 3.18). This contrasting behavior
results from the buffering effect on the fluid en-
thalpy and oxygen isotope composition of the res-
ervoir heat and oxygen contained in the rock with
no similar buffering for chloride. SB-1 gas com-
positions also changed with increase of CO, and
H,S and decrease of N, and Ar (Table A.3). This
effect was more pronounced than in other wells.
More detailed data on the effects of cold water in-

jection on the discharge chemistry of well SB-1
has been published by Ueda, et al. (1991).

The 1989 tests of cold water unloading were
interesting geochemically to show fluid changes
from mixing and reactions with rock minerals but
largely obscured determinations of the natural fluid
composition and enthalpy. This was a greater prob-
lem for chloride, deuterium and other conserva-
tive constituents that are not buffered in concention
by interaction with rock. Alkali ratios, silica
concentrations, oxygen isotopes and total enthalpy
were buffered by heat and rock-water reactions to
maintain levels close to pre-injection values.

3.5 Interrelation of Sumikawa Water
Compositions

In the previous sections, emphasis was placed
on the total composition of fluids from individual
wells and on the changes in total enthalpy and in
reservoir chloride and liquid enthalpy with time
based on data from individual wells. In the fol-
lowing sections emphasis will be on the interrela-
tion of fluid compositions and on the processes
which have caused their differentiation.

Showing these interrelations requires graphi-
cal methods which allow simulitaneous display of
fluid compositions from different wells and from
different times of collection. Thus use is made of
the “grid” method for gas geothermometry
(D’ Amore and Truesdell, 1985), enthalpy-chloride
and isotope-isotope diagrams, and contour maps
of reservoir chemistry. To supplement these meth-
ods, a plotting program was developed to draw tri-
angular diagrams with numerous symbols and the
ability to individually scale each component.
Giggenbach (1991) demonstrated that transforma-

Continued on page 3-37
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Figure 3.33. Detailed changes in total discharge chloride composition of fluid from three wells with
cumulative mass discharge after cold water injection in 1989 (from MMC).
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tion of these diagrams by separate scaling of each
of the components allows the separation of points
bunched at one vertex or along one axis without
changing the relative geometry of the points. Thus,
for example, an alignment of points suggesting
mixing remain linear.

3.5.1 The Combined Na-K and K-Mg
Geothermometer Diagram

Giggenbach (1988) presented a triangular dia-
gram (Figure 3.35) with the component quantities
Na/1000, K/100, and Mg!/? (all concentrations in
mg/kg). On this diagram a curve is plotted repre-
senting compositions at equilibrium with both Na-
K exchange on feldspars and K-Mg!”2 equilibrium
of feldspar, K-mica, quartz and chlorite. His in-
tention was to increase the reliability of the Na/K
geothermo-meter by including a component char-
acteristic of near surface waters. Thus the compo-
sitions near the Mg corner are labeled “immature
waters”; compositions near the geothermometer
curve, “full equilibration”; and intermediate com-
positions, “partial equilibration”. In practice the
rate of reequilibration of Na and K is far slower
than that of Mg, so cooling and mixing with near-
surface waters generally increases Mg concentra-
tions without changing the ratio of Na to K and
the diagram shows lines radial to the Mg corner.
Thus the diagram, rather than indicating the state
of equilibration, shows essentially Na/K geother-
mometer temperatures and Na+K vs. Mg mixing.
The Na/K geothermometer used by Giggenbach
in this diagram yields temperatures that are sig-
nificantly higher than those indicated by the Na-
K-Ca and other Na/K geothermometers (Table
A8).

At Sumikawa the water composition data
shows three lineations with constant Na/K ratios,

(and therefore constant Na/K temperatures) and
some waters with intermediate compositions (Fig-
ure 3.35). The upper of these lines (nearest the Na
corner) has all points for Ohnuma wells and Sumi-
kawa wells S-2, some for SC-1, and a few for
SM-2. This line intersects the geothermometer
curve at 258°C. The second line radial to Mg in-
tersects the geothermometer curve near 274°C.
This line consists mostly of waters produced from
wells S-3, Ss-1, SM-2 and a few from SC-1. The
lower line (nearest the K corner) has mostly points
for well S-4 and SA-1 along with a few waters
from SA-2 and SA-4. The SA-2 points are widely
scattered because they represent variable mixtures
of water and steam condensate. This line intersects
the geothermometer curve just above 300°C. Some
of the S-4 waters fall between the two alignments
possibly indicating a 290°C source or re-
equilibration at this temperature. Note that all of
the data lies away from the geothermometer curve
at higher Mg than required for equilibrium with
respect to K-Mg geothermometry at the indicated
Na/K temperatures.

Data for Ohnuma, S-2, S-3 and SM-2 are near
the Mg corner suggesting relatively large near-
surface influence. SC-1 waters are intermediate and
most SB-1 and SD-1 waters approach the
geothermometer line suggesting decreasing
amounts of near-surface influence. Some S-4 and
SA-1 waters have relatively large concentrations
of Mg indicating near-surface influence.

It is not clear whether the near-surface influ-
ence at Sumikawa consists of mixture with near-
surface water or solution of Mg minerals at lower
temperatures. In either case equilibration of water
with the chlorite bearing assemblage postulated by
Giggenbach (1988) does not seem likely. Sumi-
kawa reservoir temperatures from the K-Mg
geothermometer are usually 100 to 200°C, with

Continued on page 3-39
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Figure 3.35. The Na-K-Mg geothermometer diagram of Giggenbach (1988) with water compositions
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from Sumikawa well discharges. The geothermometer curve represents the K-Mg and
Na/K geothermometers proposed by Giggenbach. The K-Mg geothermometer equilibrates
rapidly at intermediate temperatures and the Na/K geothermometer equilibrates slowly.
The Sumikawa pattern suggests relatively low temperature mixing of high Mg water
with equilibrated high-temperature waters. See discussion in the text. Temperature is in
degrees Celsius and concentrations are by weight.
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the maximum about 250°C for S-4 and SA-1
(Table 1). These temperatures are generally too low
to represent equilibration in the reservoir. Because
high-temperature geothermal waters are generally
iigh in Na and K and very low in Mg, mixture
with near surface water could substantially increase
Mg without changing the Na/K ratio. This is the
most likely case at Sumikawa.

The reservoir temperature of 300+°C indi-
cated by this diagram for well discharge composi-
tions that fall along the lower line is close to maxi-
mum measured downhole temperatures (300 to
317°C), but is generally much higher than other
geothermometer temperatures (Tsilica, 225 to
277°C; TNaKCa, 255 to 270°C except SA-1,
310°C and early fluids from S-4, ~290°C).
Geothermometer temperatures for SA-2 and SA-4
are few and unreliable because these wells dis-
charge mostly steam. The reservoir temperatures
of 274°C and 258°C indicated for well discharges
falling along the upper two lines are also gener-
ally higher than other geothermometer tempera-
tures (Tsilica, 225 to 250°C; TNaKCa, 236 to
255°C except SC-1, 267°C), but generally lower
than maximum measured downhole temperatures
(300 to 317°C except S-2, 245°C and S-3, 236°C).

In Table A.8 calculated Sumikawa reservoir
temperatures from Na/K geother-mometers
(Truesdell, 1975; Fournier, 1979; Arnorsson et al.,
1983; Nieva and Nieva, 1987; and Giggenbach,
1988) are compared with those from the Na-K-Ca
and quartz geothermometers. This comparison and
the discussion above suggest that, for Sumikawa
at least, The Na-K-Mg!”2 triangular diagram should
be revised to use a more realistic Na/K geothermo-
meter. Figure 3.36 uses the Na/K geothermometer
of Nieva and Nieva (1987), which appears closest
to the Na-K-Ca geothermometer for Sumikawa wa-

ters. Using this diagram, the high temperature line
indicates 280°C, the intermediate temperature line,
250°C and the low temperature line, 240°C. Even
though the lowest Mg points are closer to the
geothermometer line, there is still no indication that
K-Mg equilibrium is achieved.

3.5.2 The C1-SO4-HCO3 Anion Triangular
Diagrams.

Another widely used diagram is the anion
concentration triangular diagram with CI, SO, and
HCO, as components. These are the major anions
in almost all surface and subsurface waters includ-
ing geothermal reservoir and discharge waters. In
cold waters Cl usually originates from sea spray
or solution of evaporites, SO, from oxidation of
sulfides or from evaporites, and HCO, from reac-
tion of (atmospheric or soil) CO, with rock miner-
als and water. In high temperature geothermal res-
ervoir waters Cl dominates because most SO, is
removed by precipitation of anhydrite and most
HCO,, by precipitation of calcite (due to the very
low solubility of both minerals at high tempera-
tures). As geothermal waters migrate towards the
surface CO, may react with rock to form HCO,
and at the surface H,S may be oxidized to SO,. In
acid near-magmatic reservoir waters SO, may ex-
ist from breakdown of SO, contained in magmatic
gases or from infiltration of waters with surface-
formed SO,.

At Sumikawa the CI-SO,-HCO, diagram
clearly distinguishes waters of different origins and
shows relationships between well waters (Figure
3.37). The HCO, corner is occupied by waters
dominated by steam condensate with high HCO,
concentrations formed by reaction of CO, in steam
with steam condensate. One sample of SC-1 con-

Continued on page 3-41
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Figure 3.36. The Na-K-Mg geothermometer diagram as in Figure 3.35, but using the Na/K
geothermometer of Nieva and Nieva (1987). The indicated Na/K temperatures are more
realistic than in Figure 3.35. See text and Table A.8 for discussion of these
geothermometers.
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densate also has SO, indicating oxidation of H,S,
possibly during sampling and one S-4 condensate
with higher Cl is similar in anions to reservoir wa-
ters indicating that it contained reservoir water as
well as steam.

The highest SO, waters are acid samples from
S-2 with the earlier, near-neutral S-2 waters and
some S-3 waters next highest. Well S-2 waters are
particularly interesting at Sumikawa. This well was
originally completed at 903 m and tested in July
1982. However, the discharge was considered in-
sufficient and the hole was deepened to 1065 m
and re-tested in October 1982. Although fluid from
the first completion was initially neutral, the pH
decreased from 7.9 to 5.5 over the two weeks of
the tests. When the deepened hole was re-tested
its enthalpv had dropped and the waters were acid
(pH 2.6 to 2.8). The near neutral S-2 waters do not
have a constant SO,/Cl ratios but increase in SO,
with time, possibly indicating increasing magmatic
influence. An increase in acidity from mixture with
infiltrating acid SO, waters produced by surface
oxidation of H,S cannot be ruled out as the major
source of acidity in these waters because the con-
centration of Cl decreased when SO, increased and
the waters became acid. However the situation is
complicated because after a strong decrease, Cl
increased along with SO, to reach concentrations
higher than any of the near neutral waters.

For most waters (other than condensates, S-2
waters and about half the S-3 waters) there is a
clear alignment between a high Cl end member
with about 10 percent SO, and no HCO,, and a
low Cl end member with about 20 percent Cl and
equal amounts of SO, and HCO,. The high Cl end
member is represented by SA-2 waters (with some
scatter), and some S-4, and SA-1 waters. Waters
from SC-1, SM-2, Ohnuma, SB-1, SD-1 and S-3
fall along the line in order of decreasing Cl.

Samples from S-4 have a wide range of composi-
tion and extend from the high Cl end member half
way to the high SO,, HCO, end member. In gen-
eral, S-3 waters have more SO,+HCO, than CI
indicating partly shallow origin. It is likely that
these shallow waters entered the well through a
casing break at 268 m depth (MMC, written
commun., 1996). About half of the S-3 waters fall
off the general alignment in the direction of lower
SO,. The source of these waters is not clear but
they may originate on the margins of the system
away from infiltrating SO, formed in upflow zones
by H,S oxidation.

In the interpretation of this diagram by
Giggenbach (1991), all CI-SO, waters are “volca-
nic” and CI-HCO, waters in the upper part of the
diagram are “mature”, while those with high HCO,
and low SO, are “peripheral” and other HCO,-SO,
waters are “steam-heated” (note these labels in
Figure 3.37). Applying these classifications to
Sumikawa, the high-Cl end member water and
most S-2, S-4, SA-2, SB-1 SC-1 and SM-2 waters
would be “volcanic”, and condensates and S-3 wa-
ters would be “peripheral”. No waters at Sumikawa
would be called “mature”.

3.5.3 The CI-B-HCO, Diagram, a Test for
Fluid Homogeneity

A different anion diagram was used by Ellis
(1970) to differentiate the geothermal fields of New
Zealand by their CI/B ratios. In this plot B, Cl and
HCO, are used as components. Boron and chlo-
ride are considered conservative components that
are not affected by water-rock reactions that occur
in and above the reservoir and bicarbonate (as noted
above) is a reactive component formed at moder-
ate temperatures by reaction of CO, with rock min-
erals. Because Cl and B are conservative, their ra-

Continued on page 3-43
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Figure 3.37. The CI-SO,-HCO, anion diagram which shows the proportions (by weight) of the major
anions in Sumikawa and other geothermal waters. Chloride is usually of deep origin and
HCO;, shallow, but SO, can originate either shallow, from oxidation of sulfide, or deep

from volcanic fluid. The labels are from Giggenbach (1991).
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tio is a test for fluid homogeneity. Ellis found that
the CI/B ratios of New Zealand geothermal waters
varied from 7 to 30 and, except for Broadlands,
were constant within each field, while the fraction
of HCO, varied widely. Variation in Cl/B may in-
dicate several reservoirs or several rock types. At
Broadlands part of the field is hosted in graywacke
and part in andesite.

Sumikawa waters show as much variation in
CI/B as all of the geothermal fields in Ellis’ dia-
gram (Figure 3.38). The acid S-2 waters and SA-2
waters contain almost entirely Cl with CI/B ratios
between 10 and 20. Neutral S-2 waters and
Ohnuma waters have CI/B near 5 and SB-1, SC-1
and SM-2 CI/B ratios are near 2.6. Most other
waters (S-3, S-4 and SD-1) have CI/B ratios of 2
to 2.3, except SA-1 waters some of which are as
low as 1.5. The reason for this wide range is not
clear but may result from the nearness of Sumi-
kawa to Mt. Yake volcano, with the most volcanic
waters high in chloride and evolved waters having
increasingly more boron. The New Zealand areas
are related to rhyolite calderas and all are about
equally far from crystallizing magma. The wide
range in CI/B ratios suggests that the Sumikawa
waters are relatively inhomogeneious and have not
mixed extensively. This may be due to permeabil-
ity barriers or be characteristic of a young,
volcanic-related fluid.

3.5.4 The Na-K-Ca Triangular Diagram

Some features of both C1-SO4-HCO, and Na-
K-Mg geothermometer diagrams are combined in
the Na-K-Ca diagram (Figure 3.39). By showing
Na/K ratios, this diagram distinguishes waters with
different high temperature end members, and Ca
indicates mixture with cooler, near-surface water .

Because calcite is less soluble at higher tempera-
tures, Ca concentrations are low at high tempera-
tures (>275°C), but increase at lower temperatures
from water-rock reactions. This also provides in-
dication of the tendency to calcite scaling. High
temperature waters seldom produce calcite scale
but waters at intermediate temperatures (~200°C)
often scale rapidly.

The Sumikawa waters with the highest Ca are
steam condensates, waters from high enthalpy
wells that are mixed with steam condensate, and
acid waters from well S-2. The steam condensates
lack Na and K, and all of these waters are mildly
or strongly acidic when collected. Calcium in these
waters could originate in part from rock leaching
or from solution of Ca from concrete silencers or
weir boxes. The acid reservoir waters from well
S-2 have no HCO, and can readily dissolve Ca
feldspars and calcite. The low Ca waters, presum-
ably from higher temperature zones, show three
alignments; a lower K/Na, lower-temperature line
with Ohnuma, neutral S-2 and some SC-1 waters;
an intermediate line with mostly well S-3 waters
and some acid S-2, SB-1 and SC-1 waters; and a
high K/Na, high-temperature line with entirely S-4
waters at the low Ca end and SA-1 waters, along
with some acid S-2 waters with higher Ca. The
high K/Na line is broader than the others with most
variation in the S-4 waters. The high Ca end
member also has a significant but small K fraction
and no Na. This is typical of low temperature
(<100°C) waters and results in very-high, mislead-
ing Na/K geothermometer temperatures.

3.6 Chemical Changes Shown by Contour Maps

In order to show the chemistry of the entire
field, the parameters indicated to differentiate the

Continued on page 3-46
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Figure 3.38. The CI-B-HCO, diagram showing Sumikawa waters. In this diagram Cl and B are deep
conservative (or “soluble”) constituents not generally available from reservoir rocks,
while HCO, is formed at shallower depths where CO, reacts with rock at moderate
temperatures. The wide range of CI/B ratios suggests a near volcanic source for these
constituents.
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Figure 3.39. The Na-K-Ca diagram is similar to the Na-K-Mg diagram in showing Na/K temperatures
and mixture with near surface (Ca-bearing) water. The Sumikawa waters show a range of
Ca concentrations that may indicate possible calcite scaling if lower temperature waters
are produced.
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Sumikawa fluids (e.g. Na/K, CI/B) can be mapped
using estimated locations of mean inflow zones
based on well downhole characteristics (see Sec-
tion 4). This method has been used effectively to
show reservoir processes at Cerro Prieto (Truesdell
et al., 1992). However the short production tests
and cold water injection along with the small num-
ber of wells have made the application to Sumi-
kawa less informative. Despite this a few maps
have uce. constructed of Sumikawa data.

3.6.1 Contour Maps of Reservoir Chemistry
and Physical State

The contour maps found most useful for in-
dicating reservoir processes at Cerro Prieto are res-
ervoir temperature, chloride concentrations and
well inlet vapor fraction (IVF). (IVF is a measure
of excess enthalpy or excess steam. For a well fed
entirely by liquid, IVF (the calculation of these
quantities is described by Truesdell, ez al., 1989)
is zero and for an all steam well, IVF is one.) The
quantity of data for Sumikawa is so limited and
the variations within each year’s tests were so large,
that contouring of 1983 data from wells S-1, S-2,
and S-3 was not informative. The major changes
were between data from the 1984-1988 period and
data from 1989. Therefore two sets of maps, one
for 1982 to 1988 and one for 1989, were con-
structed using data averaged for each well. This
showed general reservoir processes without short
term variations. The effects on reservoir fluids of
the 1989 cold water injection are indicated by some
decreases in reservoir chloride and temperature and
an increase in both deuterium and oxygen-18. The
isotopic changes will be discussed further in con-
nection with isotope-isotope diagrams (section
3.8); other changes were discussed in section 3.3.

The pre-1989 patterns are dominated by a
east-west gradient in temperature, chloride and IVF

(Figure 3.40). All quantities generally increase
from north to south (or north central to southeast
and southwest); temperature from 200 to 270°C,
chloride from 100 to 400 mg/kg, and IVF from
<0.1t0 0.7. The exclusion of SA-2, SB-1 and SD-
1 (with no pre-1989 water analyses), has contrib-
uted to this gradient but the 1989 data for these
wells may not reflect natural reservoir conditions.
1989 data for SA-2 in particular shows high tem-
peratures and chloride in these calculations, but
these may have resulted from variable amounts of
evaporation and precipitation before collection (see
section 3.3.6). The 1982-1988 §'80 data show a
similar northeast-southwest pattern with SA-2 iso-
topically heavy and a general decrease in 8O and
8D to the northeast and northwest (Figure 3.41).
Deuterium, however, is highest in the east and de-
creases to the west and well S-4.

The 1989 maps (Figures 3.42) show more
uniform calculated temperatures (range 220-
250°C), chloride decreases for wells S-4 and SA-4
with no changes for other wells, and a reversal in
gradient for IVF. Isotopes show a general change
toward heavier 80 and 8D values (Figure 3.43).
Wells S-4, SC-1, and SA-4 increased in 0D by 5
permil and in 8O by 0.5 to 1.4 permil. In both pe-
riods 8O generally decreased to the south and
southwest. In 1989 the 8D pattern was similar to
that of 80, but it was quite different in 1982-1988.
The interpretation of deuterium in high tempera-
ture geothermal fluids is difficult because above
220°C there is a deuterium fractionation reversal
with vapor heavier than liquid. Thusd at higher
temperatures, the separation of steam leaves wa-
ter enriched in 8O and depleated in 6D. Thus the
1982-1988 patterns of 8O and dD differ because
boiling was dominant, but the 1989 patterns of both
isotopes are similar because mixture with cold
water was the dominant process. The 1982-1988
data shows increase of 80 to the south. This prob-

Continued on page 3-51
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Figure 3.40. Contour map of average Sumikawa reservoir (a) temperatures (degrees Celsius), (b)
chloride concentrations (mg/Kg), and (c) inlet vapor fractions (IVF) for 1982 through
1988 calculated using Na-K-Ca geothermometer temperatures. Data from Table A.S.
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Figure 3.41. Contour map of average Sumikawa total discharge (a) 60 (permil SMOW) and (b) 8D
(permil SMOW) for 1982 through 1988. Data from Table A.4.
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Figure 3.43. Contour map of average Sumikawa total discharge (a) 6O (permil SMOW) and (b) 0D
(permil SMOW) for 1989. Data from Table A.4.
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ably results from mixture with high-salinity, iso-
topically-heavy water of magmatic origin from the
upflow zone near Mt. Yake.

3.7 Comparison of Stabilized Sumikawa Fluids
and Ohnuma Production Fluids

In Section 3.3, we showed that in most dis-
charge tests of Sumikawa wells, stabilized fluid
compositions and temperatures were obtained.
These compositions and temperatures along with
characteristic ratios are shown in Table 3.1 (de-
tailed data in Table A.6) together with similar data
for Ohnuma well fluids and neutral hot spring
waters.

Geothermometer temperatures for most Sumi-
kawa wells are similar, with Na-K-Ca temperatures
(T13) tending to 250°C. Wells SA-1 and SC-1 are
significantly (270°C) hotter, and Ohnuma fluids
are cooler at 220-230°C. Sumikawa aquifer chlo-
ride concentrations tend toward 140-200 mg/kg for
wells S-3, §-4 and SD-1, 300 mg/kg for S-4 (high
Cl), SB-1 and SC-1, and 500-600 mg/kg for wells
S-2 and SA-1. Chloride concentrations of Ohnuma
fluids (290-480 mg/kg) are significantly more con-
centrated than those of S-3, S-4 (low CI) and SD-
1 fluids but similar to that of fluids from other
wells. CI/B ratios are similar for all neutral samples
(1.5-5), but acid S-2 waters have high CI/B (~10).
Cl/SO, ratios are also similar for Sumikawa and
Ohnuma neutral, medium-enthalpy waters (1-5),
but highly variable for high-enthalpy, SA-1 and
SA-2 fluids. Acid S-2 waters are much lower in
Cl/SO, (0.3) and acid Ohnuma waters are inter-
mediate (0.7-1.9). CI/As ratios range from 20-65
in most Sumikawa and Ohnuma neutral waters but
are higher in S-2 and SA-2.

In general the comparisons show that a ge-
netic relationship is possible between Sumikawa

and Ohnuma fluids with differences in tempera-
ture and salinity that could result from boiling and
mixing processes. In particular, the lower tempera-
tures and higher Cl concentrations are most prob-
ably caused by repeated production, boiling with
separation of steam, and injection of residual wa-
ter (see the next section). Ratios of conservative
constituents (Cl/B, Cl/As) and some less conser-
vative components (Cl/SO,) tend to be very simi-
lar in Sumikawa and Ohnuma neutral waters.

3.8 A Model for the Sumikawa-Ohnuma System

The interrelations of thermal fluids in a geo-
thermal system may be best understood using en-
thalpy-chloride and isotope diagrams. These dia-
grams reflect dominant boiling and mixing mecha-
nisms as well as gain or loss of steam and conduc-
tive heating and cooling. In an enthalpy chloride
diagram, processes which change the temperature
and salinity of a fluid can be shown. (Enthalpy is
used rather than temperature because it is a con-
servative quantity.) The direction of change of liq-
uid enthalpy and chloride due to some of these pro-
cesses is shown schematically in the upper right
corner of Figure 3.44. These processes can be gen-
erally divided into those which occur slowly, usu-
ally in the natural state, and those which occur in
response to a rapid change, usually due to exploi-
tation. Slow processes might include boiling and
steam loss taking place over a long enough time
for rock temperatures to have adjusted to fluid tem-
peratures so that no heat is transferred to or from
the rock. Similarly, mixing with cooler water is
usually also such a process because rock and fluid
temperatures equalize rapidly. Rapid processes
occurring in response to changes imposed during
exploitation include isothermal evaporation dur-
ing exploitation of a vapor-dominated system in
which the heat in the rock maintains near-constant
temperature while liquid boils in place to produce

Continued on page 3-54
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Table 3.1.  Comparison of Aquifer Temperature, Chloride Concentrations and Characteristic Ratios
for Sumikawa and Ohnuma Well Fluids and Neutral Spring Waters Expressed in °C, mg/
kg and Ratios by Weight.

Cl
TQA T13 (aquif.) ClI/B CISO, Cl/As
S-2 230255 (215245 | 238—540 | 3.9-5.7 0.9-1.1 45-75
S-2A%* 233-248 | 238-260 181610 | 9.4-12.0 | 0.2-04 | 100-520
S-3 220-235 | 220-255 70—140 1.8-2.5 0.9-2.4 30-60
S-4 305—270 |320—250 | 300—170 1.6-2.5 7.252.2 20-35
SA-1 259-279 | 2325286 | 132470 | 1.1-1.5 7-9 18-23
SA-2 226-251 | 233-241 — 1.1-44 5-80 160-6000
SB-1 210-252 | 198-234 65—306 322 0.6—3.3 40-62
SN-7D 234-283 | 237-270 226-307 2.3-28 3.35.2 31-34
KY-2 236-243 | 220-228 1435213 | 2.3-2.6 1.3-1.9 38-62
Ohnuma
neutral fluid 215-230 |{220-230 290480 | 2.8-5.1 2.2-3.0 33-65
Ohnuma 220-235 [227-229 | 370-440 — 0.7-1.9 —
acid fluid
Neutral spring | 116 177 | 123-186 | 82-205% | — 1.2-2.9 —
waters
& Acid fluids after deepening
**  Surface chloride
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steam. A somewhat less extreme example is boil-
ing in response to pressure lowering when a well
is opened. Boiling fluids cool and pick up heat from
rock so that solute concentrations increase. Cool-
ing takes place (so the process is not isothermal)
but there is less cooling than would have occurred
if the rock had not been present. In order to em-
phasize natural (slow) processes, the enthalpy val-
ues plotted in these diagrams are for reservoir lig-
uid as calculated from geothermometer tempera-
tures, rather than measured total discharge enthalpy
values.

3.8.1 Enthalpy-Chloride Relations

Figure 3.44 shows enthalpy-chloride relations
for reservoir fluids at Sumikawa and Ohnuma, and
some neutral spring waters. The characteristics of
Ohnuma waters are based on the few available
analyses (usually only one per well) and Sumikawa
waters were chosen to represent (as nearly as pos-
sible) the end member composition produced from
the well. For wells S-2 and S-3 this is the stabi-
lized composition after unloading of drilling wa-
ter. For well S-4, the high chloride, high tempera-
ture water produced at the beginning of each test
and the stabilized low-chloride water from the end
of the tests are both represented. Samples collected
between 1983 and 1986 are somewhat more con-
sistent than 1988 samples and much more consis-
tent than 1989 samples. The earlier samples are
indicated by a diamond; later samples, by circles.
For wells affected by 1989 cold water injection
both 1989 and earlier compositions are shown.
Fluids from wells that produced only steam (S-1,
SA-2, SA-4) cannot be shown. Aquifer liquid en-
thalpy values were calculated assuming that the
quartz-adiabatic geothermometer indicated true
aquifer temperatures and liquid enthalpy values.
Aquifer liquid chloride concentrations were cal-
culated using these enthalpy values.

This diagram suggests that a parent water at
345°C with about 250 mg/kg chloride could pro-
duce the low-chloride S-4 water and the S-3 water
by mixing with a low-chloride, slightly heated
ground water (possibly at about 70°C and near zero
chloride). The parent water could also produce the
high-chloride S-4 water and the Ohnuma waters
by boiling and steam loss. The Ohnuma waters
have a small range of fluid enthalpy but a large
range in chloride, which was suggested by Ito, ef al.
(1977) and KRTA (1985) to result from reinjec-
tion and cycling of residual water after steam sepa-
ration. Some additional variation in chloride could
also result from dilution with a low chloride,
slightly heated groundwater (as for S-4 low-chlo-
ride and S-3). SB-1, SM-2 and SC-1 waters could
be produced from the parent water by boiling fol-
lowed by dilution. SD-1 (1989), S-4 (1989) and
some SM-2 waters could be formed from dilution
of S-4 high chloride water.

The temperature of 345°C indicated for the
parent water is similar to that observed in high-
temperature geothermal systems (e.g. Cerro Prieto,
Baca) and is related to the solubility maximum of
quartz at about 340°C, with quartz precipitation
reducing permeability at higher temperatures. It
may be possible to verify the presence of a reser-
voir at 345°C by using slow-reacting isotope
geothermometers such as 80(S0,-H,0) or
8C(CO,-CH,) on some of the Sumikawa well flu-
ids.

The only Sumikawa waters that do not fit into
this genetic model are those from wells S-2 and
SA-1. These waters are much higher in chloride
than all other Sumikawa waters and almost all
Ohnuma waters. Concentration by residual water
recycling (as at Ohnuma) is not reasonable and
solution of chloride-containing evaporites is very
unlikely. These waters may contain a magmatic
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component that has not been diluted or, in the case
of S-2, fully neutralized.

3.8.2 Isotope Relations

Additional indications of relations among
Sumikawa and Ohnuma thermal waters may be ob-
tained from oxygen and hydrogen isotope analy-
ses. Meteoric waters that have not evaporated or
reacted with rocks fall along a “meteoric water
line” characteristic of the geographical area. The
line for Japan suggested by Sakai and Matsubaya
(1977) is 8D = 8 8'30 + 18. Geothermal waters
usually have nearly the same 3D values as local
meteoric waters but have higher 30 because of the
“oxygen isotope shift” in which aqueous oxygen-
18 is enriched by exchange with rock oxygen. Rock
hydrogen is so scarce that it has negligible effect.
Some “volcanic” geothermal waters may show
increases in 8'30 and 8D related to “andesitic”
water (Giggenbach, 1991).

Boiling and mixing also affect isotope com-
positions. Boiling enriches residual liquid in oxy-
gen-18 and (below 220°C) in deuterium. Between
220°C and the critical point, the deuterium frac-
tionation 1s small and inverse, so boiling above
220°C does not greatly affect 8D values. Mixing
with meteoric waters generally decreases 60 val-
ues and may either increase or decrease 8D values
according to whether the deuterium content of the
meteoric water is higher (lower altitude) or lower
(higher altitude) than the thermal water. Evapora-

tion increases both 8O and 8D and these values

are usually high for acid sulfate waters.

Isotope compositions of waters of the Sumi-
kawa-Ohnuma area are shown in Figures 3.45, 3.46
and 3.47. Well waters are plotted in Figure 3.45 at
their total discharge compositions calculated from
separate analyses of steam and water (MMC, 1985;

with additional data from Ueda, et al., 1991). The
analyses of all waters are given in Table A.5 and
selected analyses (used in the figures) are given in
Table A .4. The river and creek analyses fall close
to the meteoric water line; all thermal waters fall
to the right of the line showing the effects of oxy-
gen isotope shift or boiling. As pointed out by
KRTA (1985) there is a general correspondence
between the chloride contents and the 60 values,
with the Ohnuma waters the most concentrated and
highest in 80 and Sumikawa waters the most di-
lute and lowest in 8O. In Figure 3.45 the analyses
are numbered in order of collection. There is un-
fortunately a wide range of analyses for all Sumi-
kawa well samples; wider than would be expected
from analytical variation (usually + 0.1 in 60 and
+ 1 in 8D). Some of this variation is due to tran-
sients, such as the unloading of drilling water in
S-3 (the later analyses are probably more charac-

teristic) and the initial high chloride, high tempera-

ture flow of S-4 before 1988. The S-4 analyses in
particular vary widely; one analysis is similar to
Ohnuma waters and others are as much as 2 permil
(parts per thousand) lower in 60 and almost 12
permil lower in 8D than the average. Generally
the S-3 water seems to have resulted from mixing
low-Cl S-4 water with river water, and the Ohnuma
waters, from boiling and low-temperature
evaporation of high-Cl S-4 water. The Ohnuma
waters have been repeatedly flashed and reinjected,
producing increases in 8D and 8O relative to their
calculated composition. The increase in 8D indi-
cates evaporation at temperatures below 200°C.

Locating the parent water on this graph is dif-
ficult. From the enthalpy-chloride plot, S-4
high-chloride water is produced from the parent
water by boiling anc S-4 low-chloride water is
formed by dilution. Therefore, the parent water
should have higher 80 than S-4 low chloride wa-
ter (and be on a line with it and meteoric waters)

Continued on page 3-59
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and it should have lower 80 than S-4 high-chlo-
ride water. The isotope analyses and the mixing
proportions (from the Cl-enthalpy diagram) of
meteoric water, S-3 and low-Cl S-4 waters indi-
cate the 3O and (less certainly) 8D composition of
the parent water.

The variability of the S-4 isotope analyses
provides considerable freedom of interpretation.
The intermediate isotope compositions correspond
reasonably well with that of the calculated low-
Cl, low-enthalpy fluid, and a few analyses appear
to be mixtures of the high-chloride and low chlo-
ride waters, but the high-chloride water was only
produced at the start of each year’s test and iso-
tope analyses of this water are lacking. The mag-
nitudes of isotope changes due to boiling are rela-
tively small (Henley, et al., 1984). For boiling from
345°C to 300°C (parent to S-4 high-chloride), 60
would change by 0.19 and 8D by -0.7 permil. For
boiling from 300°C to 220°C (S-4 high-chloride
to Ohnuma) 80 would change by 0.45 and 8D by
0.02 permil. Locations are shown on Figure 3.45
that would satisfy these values and the mixing pro-
portions of parent waters, S-4 low-chloride waters
and S-3 waters required by the enthalpy-chloride
diagram. Although steam-only samples cannot be
plotted on a Cl-enthalpy diagram, they can appear
on isotope diagrams. The isotope composition of
S-1 steam appears to be very similar to that of 5-3
water.

Isotopic compositions of samples collected in
1988 and 1989 are shown in Figure 3.46 along with
the calculated isotope compositions (from Figure
3.45) related to processes indicated by the enthalpy-
chloride diagram (Figure 3.44).

Hot spring analyses are shown on a separate
diagram (Figure 3.47). In this figure the acid-sul-
fate springs are seen to be either the same as mete-

oric water (Akagawa) or related along an evapora-
tion line (Sumikawa and Yakeyama). Only
Zenikawa water relates to the well waters. These
spring waters appear to be boiled from S4 low-
chloride water with continuous steam separation
suggesting a change in 80 of +1.0 permil (versus
+0.5 observed) and in 8D of +4.1 permil (versus
+3.0 observed).

3.8.3 Isotopic Effects of Cold Water Injection

As discussed earlier, the 1989 tests for recov-
ery from cold water injection produced only short
term changes in liquid and total enthalpy because
these quantities were buffered by heat contained
in the rock. Chloride recovery was slower and in
some cases not complete in 1989 because chloride
is contained only in fluids and is not buffered by
interaction with rock. Isotope compositions are also
not buffered because oxygen isotope exchange is
slow and would probably not equilibrate during
the test and because rocks contain so little hydro-
gen that they cannot buffer fluid 0D values.

In Figure 3.46 and Table 3.1 the isotopic com-
positions of the best stabilized 1988 and 1989
samples are shown. Usually these samples were
collected last. Both 1988 and 1989 data are identi-
fied where they differed. The 1988 data appear
similar to earlier data but most 1989 data are mark-
edly higher in both deuterium and oxygen-18.

The 1988 S-4 total discharge composition is
nearly the same as the earlier low-chloride S-4
composition as was the case in the enthalpy-
chloride diagram. The total discharge isotope com-
position from SA-4 in 1988 is similar to earlier
S-3 compositions and could also have formed by
dilution of the S-4 low-chloride water. SC-1 and
SA-2 total discharge compositions are similar to
earlier S-4 high-chloride and Ohnuma
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compositions, respectively, which were indicated
to have formed from the 345°C parent water by
boiling and steam loss. SA-1 compositions in 1988
and 1989 do not fit the model nor do any 1989
compositions.

The cold water injected into the wells in early
1989 must have higher deuterium than the reser-
voir waters by 5 permil or more because even the
least diluted samples are displaced to higher deu-
terium compositions by up to 5 permil. The 1989
compositions are probably also displaced to higher
oxygen-18 by up to 1.5 permil (S-4) but the differ-
ence is less striking.

The results of comparisons of 1988 and 1989
samples on enthalpy-chloride and isotope diagrams
has shown that generally the newer well samples
are genetically similar to earlier samples from welis
S-3 and S-4. Without the distortions caused by cold
water injection in 1989 this conclusion would prob-
ably be more definite.

3.9 Gas Geothermometer Calculations

Equilibria between gases contained in reser-
voir fluids are the only indicators of reservoir tem-
perature for dry steam discharges and provide in-
dependent temperature indications for reservoirs
with two phase production. Perhaps more impor-
tantly they indicate the fractions of vapor and lig-
uid in the reservoir that contribute to the produc-
tion fluid. These indications can be used to esti-
mate reserves of vapor- dominated systems and
show the extent and location of boiling in hot wa-
ter systems. Calculations of reservoir temperatures
and reservoir steam fractions were first described
by Giggenbach (1980) and D’ Amore and Celati
(1983). They are presented in detail in Appendix
A based on D’ Amore and Truesdell (1985).

These calculations are based on the assump-
tion that certain gas reactions are in equilibrium in
both liquid and vapor phases in the reservoir and
that the fluid produced is a mixture of reservoir
liquid and reservoir vapor. If two equilibria are
considered, each in equilibrium in the reservoir in
both liquid and vapor, then both the reservoir tem-
perature and the fraction of vapor (“y”) contribut-
ing to production can be calculated graphically with
constant values of each quantity shown as lines
that form a grid (Figures 3.48- 3.59). The isother-
mal lines are more or less S-shaped, and in a com-
plete grid (approximated in Figure 3.48) increase
from 125°C on the left to 350°C on the right in 25
degree increments. Lines of constant y value (steam
fraction) are less curved (y=0 is almost straight)
and increase from -0.1 on the lower right to 1.0 on
the upper left. The increase is approximately loga-
rithmic. While positive y values indicate the rela-
tive amounts of steam and water contributing to
production, negative values indicate the degree of
depletion of gas in a recently-boiled water that has
not yet equilibrated with coexisting steam.

At Sumikawa, gas analyses of steam samples
have been made from collections during each flow
test. Application of the gas geothermometer to all
samples (Figure 3.48) shows that many analyses
do not give reasonable results. Many points fall
outside the grid of possible equilibrium composi-
tions and there is a wider spread of calculated tem-
perature and steam fraction than would be reason-
able for a single geothermal reservoir.

Study of the data suggests that there are pos-
sibly two problems with the application of this
method to these Sumikawa gases. Samples col-
fected from 1983 to 1986 (and some from 1988)
show generally reasonable temperatures (reservoir
steam fractions cannot be independently calcu-
lated), but with a spread of points that may be due

Continued on page 3-73
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Figure 3.48. Gas geothermometer grid diagram for Ohnuma and Sumikawa wells using all available
data. For this diagram (and those that follow), grid lines for temperature are (left to right)
125, 150, 175, 200, 225, 250, 275, 300, 325 and 350 degrees celsius and gridlines for
reservoir steam fraction, Y, are (top to bottom) 1.0, 0.75, 0.5, 0.25, 0.1, 0.05, 0.025, 0.01,
0.005, 0.001, 0.0, -0.001, -0.01 and -0.1.
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Figure 3.49. Gas geothermometer grid diagram for Ohnuma wells. Grid shown in this and following
figures is part of the grid shown in Figure 3.48. See text for discussion.
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Figure 3.50. Gas geothermometer grid diagram for Sumikawa well S-1. Grid shown is part of the grid
shown in Figure 3.48. Note the limited ranges of Y and T. This well produced pure steam

but the diagram indicates that the reservoir contained less than two percent vapor.
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Figure 3.51. Gas geothermometer grid diagram for Sumikawa well S-2. Points 3-5 are samples collected
after the well was deepened and fluids became acid.
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Figure 3.52. Gas geothermometer grid diagram for Sumikawa well S-3. All but the last point indicate
equilibrated liquid at 220 to 250°C.
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Figure 3.53. Gas geothermometer grid diagram for Sumikawa well S-4. The first eight points from
1984 to 1986 indicate equilibrated liquid. The other points possibly indicate disequilibrium
in part caused by cold injection.
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Figure 3.54. Gas geothermometiar grid diagram for Sumikawa well SA-1. The last points indicate gas
depletion caused by cold water injection.
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Figure 3.55. Gas geothermometer grid diagram for Sumikawa well SA-2. This well and SA-4 produce
nearly pure steam and indicate unreasonably high temperatures on this diagram.
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Figure 3.56. Gas geothermometer grid diagram for Sumikawa well SA-4.
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Figure 3.57. Gas geothermometer grid diagram for Sumikawa well SB-1. All collections from this
well (as well as SC-1 and SD-1) were in 1989 after the field-wide injection of cold water
probably causing the strong gas depletion indicated for most samples.
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Figure 3.58. Gas geothermometer grid diagram for Sumikawa well SC-1. Although cold water was

not injected in this well most points show more than 10 percent gas depletion, possibly
influenced by cold water injected elsewhere.
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Figure 3.59. Gas geothermometer grid diagram for Sumikawa well SD-1. This well also shows gas
depletion but with some recovery in the later samples.
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to the discontinuous production history. Gas com-
positions of samples collected in 1989 generally
plotted outside the grid. It appears that in 1989 dis-
equilibrium caused by cold water injection had
affected gas compositions.

In order to show the changes with time of
calculated points for individual wells, plots were
made for each well with points numbered to show
the sequence of sampling. Almost all complete
analyses in Table A.3 were plotted, although esti-
mated steam fractions were necessary for some.
Each plot shows only the part of the grid with points
for the well considered.

The published Ohnuma gas analyses with
complete data are shown in Figure 3.49 (well
names rather than sampling numbers are shown).
The indicated temperatures (240 to 270°C) are
higher than those from solute geothermometers
(220 to 230°C), and half the points show a range
of y of +0.01 to -0.01 (liquid only) with the rest
more negative indicating gas depleted waters. This
indicated depletion probably results from injection
of degassed, residual water from separators.

Well S-1 produced only steam and all reported
samples were collected in April 1982. Figure 3.50
shows a small range of temperature from 295 to
320°C and of y from O to 0.02. The y values indi-
cate nearly all liquid and the temperatures are
nearly 70°C higher than those measured at the feed
to the well (Table A.1). This suggests that the lig-
uid boiled and cooled during flow to the well, with
excess enthalpy resulting from heat transfer from
the rock.

Gases from well S-2 before it became acid
(points 1 and 2 in Figure 3.51) show essentially all
liquid at 265 to 280°C suggesting that the high to-
tal enthalpy and moderate feed temperature

(245°C) of the well fluid resulted from boiling simi-
lar to that inferred for S-1 fluids. After the well
was deepened and the fluid became distinctly acid,
the calculated temperatures dropped and the y val-
ues increased suggesting intense boiling, (which
is unlikely because the total enthalpy decreased)
or that the gases were no longer in equilibrium as
aresult of mixing with a chemically different fluid.

Well S-3 fluids (all from 1983) show near-
equilibrium reservoir liquid at 220 to 245°C with
less than 1 percent reservoir steam (Figure 3.52).
This agrees with solute geothermometer tempera-
tures of 220 to 250°C and total well head fluid en-
thalpy of 1075 to 1150 klJ/kg indicating 0.3 to 6
percent steam at 240°C. The last analysis, indicat-
ing extreme gas depletion, may be bad.

Temperatures and steam fractions calculated
from well S-4 gas analyses have varied consider-
ably with time (Figure 3.53). The eight samples
from 1984 to 1987 give temperatures of 240 to
280°C and y values within 2 percent of zero indi-
cating reservoir liquid at temperatures somewhat
lower than those measured downhole (300°C) or
indicated by solute geothermometers (255 to
295°C). The two 1988 analyses (poiats 9 and 10)
indicated a high temperature liquid at 335°C, and
in 1989 all but two of the calculations indicated
more or less strongly gas depleted liquid at tem-
peratures similar to those for steam sampled be-
fore 1988. The behavior of the 1988 samples is
not understood, but the 1989 results are probably
due to the injection of cold water which was heated
by conduction from rocks to near original reser-
voir temperatures, but did not attain the gas con-
tents of original fluids.

The rest of the gas analyses considered are
from wells sampled only in 1988 and 1989. Some
of the 1988 samples, which were collected before
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the injection of cold water, appear to yield infor-
mation on natural state conditions, but other 1988
samples (like those from well S-4) are strange and
appear to indicate out of equilibrium fluids or pos-
sibly bad analyses. Samples from well SA-1 (Fig-
ure 3.54) behave this way with the two 1988
samples falling outside the grid at temperatures
above 350°C. The first 4 samples from 1989 are
reasonably consistent with a reservoir liquid at 2:50
to 300°C (silica indicated 310°C) with about 1
percent vapor. However the last three analyses
again fall outside the grid, close to the 1988 analy-
ses.

Analyses of SA-2 steam (Figure 3.55) seem
to fall randomly on the diagram, almost halif out-
side the grid above 350°C and the rest from 300 to
350°C and from 20 percent steam to 10 percent
gas depleted. Well SA-4 is similar (Figure 3.56)
with even higher temperatures. Both of these wells
have high-enthalpy discharge, essentially all steam.
This may affect the behavior of the gas grid
method, but it has been very successful applied to
all-steam discharges of The Geysers and
Larderello.

All samples of well SB-1 steam were collected
after the 1989 cold water injection. The gas
geothermometer diagram (Figure 3.57) shows that
all samples were gas depleted with the smallest
depletions among the first samples and the largest
depletions among the last samples. The initial tem-
peratures are indicated to have been 225 to 250°C,
not far from the first solute geothermometer tem-
peratures of 200 to 230°C. The rapid increase in
enthalpy after the early samples (from 750 to 1200
kJ/kg) suggests th:at the injected gas-poor water was
heated and boiled becoming increasingly gas de-
pleted as suggested by the gas diagram.

Although there was no injection of cold wa-
ter into well SC-1, the gas geothermometer diagram
(Figure 3.58) looks similar to that for SB-1 with
the earliest sample showing all equilibrated liquid
(265°C and y = 0) and later samples 10 percent or
more gas depleted. Some of the gas-depleted
samples are from 1988, so the apparent depletion
cannot be due to cold water injected into other wells
affecting SC-1 (as was suggested by isotope data).
However both 1988 and 1989 SC-1 water samples
showed large variations in calculated temperatures
and reservoir chloride, and reservoir processes may
be complex.

In late 1988 well SD-1 was injected with
massive quantities of cooled, degassed discharge
from well SC-1. This probably explains why the
first 1989 samples from SD-1 show strongly gas-
depleted water (Figure 3.59). This gas depletion
decreased with time and some of the last samples
show a slight steam excess. There is considerable
scatter and gas temperatures (280 to 310°C) are
considerably above either measured or solute
geothermometer temperatures (240 to 250°C). This
well (and several others) appears to have not been
in gas equilibrium during 1989.

The use of the gas geothermometer grid dia-
gram has been somewhat disappointing when ap-
plied to Sumikawa fluids, particularly those from
1988 and 1989. The reasons are several. Clearly
injection of cold water not only upset reservoir
thermal equilibrium, but also disturbed chemical
equilibrium in and between water and steam
phases, and between fluid phases and rock miner-
als. Reactions in which participating species are
contained in excess (e.g., silica, water)
reequilibrated rapidly while those in which the
species are scarce (gases, isotopes) reequilibrated
slowly and still showed the effects if cold injec-
tion in the most recent available analyses.
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Using pre-1988 gas data, reasonable reservoir

temperatures and vapor fractions were calculated
for Ohnuma and Sumikawa wells S-1 through S-4
(Figures 3.49-3.53) . Almost all indicated y val-
ues are within = 0.01 of y = 0 suggesting all-liquid
reservoir fluid with < 1% vapor or <1% gas deple-
tion. Indicated temperatures are 300-325°C for S-
1, 260°C for S-2 before deepening, 220-240°C for
S-3, and 230°C (with 2.5 percent vapor) to 290°C
(with a small gas deficiency) for S-4. S-2 after
deepening shows probable disequilibrium with
'100-150°C and 10-25 percent vapor indicated. In
most cases the range in temperatures indicated by
the gas method is within 15 to 30°C of that indi-
cated by solute geothermo-meters with well S-2
fluid after deepening, a notable exception. The res-
ervoir steam fraction (y value) is particularly in-
teresting for S-1 which produced only steam. The
y value near O indicates that at equilibrium only
liquid existed in the reservoir so all the steam must
have been produced by production-induced boil-
ing. The temperature at the feed point to the well
was 230-240°C indicating that cooling of about
70°C occurred due to boiling and evaporation from
pure liquid to pure vapor.

Although gas-water equilibrium was not
achieved in Sumikawa fluids after the cold injec-
tion, the direction of change toward equilibrium
indicated the nature of the disequilibrium. From
samples collected over the next 3 to 5 years after
the injection, the return to equilibrium would prob-
ably have been observable and yielded informa-
tion on the rates of the processes involved.

3.10 Equilibria with Rock Minerals

Chemists and geochemists have developed
methods for modeling the species present in solu-
tions (ions, complex ions, molecular species) that

allow the calculation of ion “activities” or thermo-
dynamically effective concentrations. If a mineral
solution reaction is written so that the products are
species in solution and the activities of these spe-
cies are calculated water composition, then their
product (the “activity product” or “ion activity
product”) can be compared with the equilibrium
solubility product and the state of saturation of the
mineral calculated. For example, if the ion activ-
ity product (IAP) of Na* and CI" (ay,*a.) were
equal to the equilibrium solubility product for the
solution of halite K = ay *a [equilibrium ha-
lite-water] then halite (NaCl) would be exactly
saturated. If the JAP were less than K__halite would
be undersaturated and if the IAP were greater than
K., halite would be supersaturated. The calcula-
tion of activity products and equi-librium solubil-
ity products must be made for the in situ tempera-
ture of the water.

Calculations for geothermal waters are com-
plicated by the necessity of combining water and
steam analyses to reconstitute the aquifer water
composition and by the necessity of calculating the
pH (because it cannot be measured) in order to form
the model. Calculation of saturation with
aluminosilicate minerals requires analytical values
of aluminum as well as complete water and gas
analyses and measured enthalpy. In order to apply
these methods to Sumikawa fluids, the computer
program WATCH by Amorsson et al., (1982) was
used to calculate solution models and mineral satu-
ration with reservoir minerals.

All available Sumikawa and Ohnuma analy-
ses that were sufficiently complete were modeled
with the results presented in Table A.10. An ex-
ample of a calculation using data from well S-4 is
discussed here in detail (Table 3.2). This sample
did not have analyzed aluminum but a range of
0.1 to 0.5 mg/kg Al was found in other samples

Continued on page 3-78
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Table 3.2.  Output from WATCH 1 calculation of mineral saturation at 267°C reservoir water
from Well S-4, September 26, 1986 water and steam samples. Aluminum ppm
of 0.136 used for microcline saturation.

Water sample (mg/kg) Steam sample

pH/deg.C 7.90/ 200  Gas (volume %) Reference deg.C: 267.0

co2 66.00 cOo2 74.80

H2S .00 H2S 21.50 Sampling pressure bar abs. :

NH3 .00 NH3 .00 Discharge enthalpy K /kg: 1690.
B 160.00 H2 1.38 Discharge kg/s: .
Si0o2 879.00 02 .00 Steam fraction at collection : 5631
Na 238.00 CH4 .08 )

K 46.80 N2 2.20 Measured temperature degC:

Mg .010

Ca 2.30 Liters gas perkg

F .000 condensate/deg.C .75/20.0  Condensate {mg/kg)

Cl 260.00 pH/deg.C .00/ 0

SO4 123.00 Total steam (mg/kg) co2 .00

Al 136 co2 d H2S 00

Fe .090 H2S .00 NH3 .00

TDS 2130.00 NH3 .00

- Tonic strength = .01318

Na .00

Ionic balance : Cations{mol.eq) = .01162631 Anions (mol.eq) = .01208418 Diff(%) = -3.86

Deep water components (mg/kg)

Deep steam (mg/kg)

Gas pressures (bara)

B 100.77 co2 30.70 co2 1910.61 c0O2 458E-01

5102 553.62 H2S 378 H2S 366.25 H2S 113E-01

Na 149.90 NH3 .00 NH3 .00 NH3 {000E+00
K 29.48 H2 .00 H2 1.59 H2 .829E-03

Mg .006 o2 00 o2 .00 02 .140E-31

Ca 1.45 CH4 .00 CH4 73 CH4 482E-04

F .000 N2 .08 N2 35.13 N2 132E-02

Cl 163.76 H20 586E+02
S04 77.47 Total .586E+02
Al .0854

Fe 0567

TDS 1341.54 Aquifer steam fraction = .3064

Ionic strength = .00783
ITonic balance :

Oxidation potential (volts): Eh H2s= -709 Eh CH4= -.740

Chemical geothermometers (degrees C)

Quartz

Cations (mol.eq) = .00705534  Anions (mol.eq) = .00734552

1000/T (Kelvin) = 1.83
Diff(%) = -4.03

Eh H2= -.649 Eh NH3=99.999

267.0 (Fournier & Potter, GRC Bulletin, pp. 3-12, Nov. 1982)

Chalcedony 254.1 (Foumnier, Geothermics, vol. 5, pp. 41-50, 1977)
Na/K 265.8 {Amorsson et al, Geochim. Cosmochim. Acta, vol. 47, pp. 567-577, 1983)

Activity coefficients in deep water

H+ .845 KSO4- 830 Fe++ 481 FeCl+ .824
OH- 821 F 821 Fe+++ 219 Al+++ 219
H3Si04- .824 Cl- 819 FeOH+ 828 AlOH++ 475
H2Si04-- 475 Na+ .824 Fe(OH)3- .828 Al(OH)2+ .830
H2BO3- 816 K+ 819 Fe(OH)4-- A71 AYOH)4- 826
HCO3- .824 Ca++ 481 Fe(OH)++ 471 A1S04+ .826
CO3-- 465 Mg++ 500 Fe(OH)2+ 830 Al(SO4)2- 826
HS- 821 CaHCO3+ .833 Fe(OH)4- .830 AlF++ 475
S- 471 MgHCO3+ .824 FeSO4+ .828 AlR2+ .830
HSO4- .826 CaOH+ .833 FeCl++ 471 AlK4- .826
SO4-- 460 MgOH+ 835 FeCl2+ 828 AlF5-- 465
NaSO4- .830 NH4+ 816 FeCH4- 824 AlF6--- 179
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Table 3.2.  Output from WATCH 1 calculation of mineral saturation at 267°C reservoir water
from Well S-4, September 26, 1986 water and steam samples. Aluminum ppm
of 0.136 used for microcline saturation (continued).

Chemical species in deep water - ppm and log mole Deep water pH is 7.523

. H+ .00 -7450 Mg++ .00 -7490 Fe(OH)3 00 -7.745
OH- 6.66  -3.407 NaCl 373 -4.195 Fe(OH)4- .12 -6.001
H4Si04 86455 -2.046 KCl 29 -5.413 FeCl+ 00  -16.683 -

- H3Si04- 1914 -3.696 NaSO4-+ 974 -4.087 FeCI2 00 -19.946
H25i04-- .00  -7.575 KSO4- - 10.80 -4.097 FeCl++ 00 -28.348
NaH3Si04 207  -4.757 CaSO4 262 -4.716 FeC2+ 00 -30.090
H3BO3  560.51  -2.043 MgSO4 01 -7.066 FeCl3 00  -32.569
H2BO3- 1563  -3.590 CaCO3 .06 -6.196 FeCl4- .00  -35.382
H2CO3 2930 -3.326 MgCO3 .00 -10.173 FeSO4 00 -16.761
HCO3- 1349  -3.656 CaHCO3+ .36 -5.450 FeSO4+ 00  -27.081
CO3-- .00 -7.352 MgHCO3+ .00 -9.259 Al+++ 00  -28.085
H2sS 13.08  -3416 CaOH+ .06 -5.947 AIOH++ 00 -18.630
HS- 1038 -3.503 MgOH+ .01 -6.853 AlOH)2+ .00  -10.090
S-- .00 -10.558 NH40H = .00 .000 Al(CH)3 25 -5.502
H2504 .00 -13.495 NH4+ 00 .000 AlOH)4- .00 -7.787
HSO4- 46 -5327 Fe++ 00 -16.262 AlSO4+ 00 -26.689
SO4-- 59.63  -3.207 Fe+++ 00 -32.392 AlSO4)2- 00 -27.186
HF .00 .000 FeOH+ 00 -13.950 AlF++ .00 .000
E- .00 .000 Fe(OH)2 .00  -12.552 AlR2+ .00 .000
Clk 161.36.  -2.342 Fe(OH)3- .00 -11.720 AIF3 00 .000
Na+ 146.15 = -2.197 Fe(OH)4-- .00  -16.230 AlF4- 00 000
K+ 2620 -3.174 Fe(OH)++ .00  -22.177 AlF5-- .00 .000
Ca++ 47 -4935 Fe(OH)2+ .00  -13.212 AlF6--- .00 .000

Log solubility products of minerals in deep water (Al based on microcline)

Theor. Calc. Theor. Calc. Theor. Calc.
Adularia -14.372 -14.982 Albbite, low -13.943 -14.002 Analcime ~-11.587 -11.956
Anhydrite -8554 -8.798 Calcite -13.401 -12.938 Chalcedony -1902 -2.046
Mg-Chlorite -86.903 -84.198 Fluorite -11.091 99.999 Goethite 3.631 -2.59

Laumontite  -24.782 -24.603 Microcline  -14.982 -14.982 Magnetite  -14.576 -28.744
Ca-Montmor. -72.579 -86.515 K-Montmor. -33.830 -43.892 Mg-Montmor.-74.085 -89.053

Na-Montmor. -34.114 -42.912 Muscovite  -17.840 -19.162 Prehnite -38.193 -34.796
Pyrrhotite -7.333 -54.900 Pyrite -24.059 -68.513 Quartz -2.022  -2.022
Wairakite -25.049 -24.603 Wollastonite 7.094 7746 Zoisite -39.106 -36.886
Epidote -38.870 -37.385 Marcasite -8.041 -68.513 Talc 7.849 13581

Chrysotile 13.947 17.673 Su. amorph.  -1.595 -2.046
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(Table A.1). An Al concentration of 0.136 was cho-
sen to produce exact saturation with K-feldspar
(microcline). The solution model shows limited ion
pairing with weak acid complexes (H,BO;,
H,SiO,’) the most prominent. The calculated pH
of 7.5 is similar to the analytical value of 7.9 be-
cause gas concentrations were relatively low. The
assumed temperature of equilibration was 267°C
based on the quartz geothermometer. If saturation
is taken as + 1.0 log units in IAP/K (in the table,
JAP =calc. and K = theoretical) then saturated min-
erals include adularia, anhydrite, laumontite,
wairakite, epidote, low albite, calcite, (microcline),
analcime, chalcedony and (quartz). Many of these
minerals (laumontite, wairakite, quartz, calcite, an-
hydrite and K-feldspar) have been observed at
Sumikawa (MMC unpublished data, 1989).

Calcite is supersaturated in the model by about
0.5 log units and might be expected to form scale
during production. However, large amounts of cal-
cite probably would not form in S-4 because cal-
cium concentrations are low (< 3 mg/kg) and bi-
carbonate concentrations are high. When Ca and
HCO, concentrations are more nearly equal then
more scale can be formed. The small change in pH
upon flashing also suggests that major calcite scal-
ing may not occur. High Ca in other Sumikawa
wells such as SD-1 (10 mg/kg Ca) and SB-1 (7
mg/kg Ca) may show the influence of cold water
injection and original values may be lower.

The results of other calculations are similar
(Table A.10). Almost all fluids studied are near
saturation with both calcite and quartz. Silica scal-
ing is only a problem for high-temperature
(>300°C) waters because silica in waters saturated
with quartz at these temperatures becomes super-
saturated with amorphous silica as it cools and loses
steam. Calcite scaling is usually a problem only
for waters cooler than about 220 to 250°C. This is

because at high temperatures the solubility of cal-
cite is lower and less calcite is carried in solution.
If CO, concentrations are high, then during flash-
ing the pH increases and CO;” ion is formed caus-
ing calcite precipitation. Some Sumikawa reser-
voir fluids are cool enough that calcite scaling
could be a problem. Scaling inhibitors can be very
successful in preventing calcite scaling, but usu-
ally they must be injected in wells below the flash
point, a process that can be expensive. A more com-
plete study of the potential for calcite scaling could
be made modeling wellbore flashing using WATCH
to track calcite saturation.

3.11 Magmatic Constituents

As mentioned in sections 3.1-3.2, The Sumi-
kawa field is located on the N slopes of Mt. Yake
not far from the Tamagawa hot spring discharging
partially altered volcanic acid chloride-sulfate
water. The high temperatures measured at Sumi-
kawa are also of undoubted volcanic origin. It is
reasonable therefore, that the Sumikawa fluids
would show evidence of volcanic origin, unless
during the alteration of acid, oxidized volcanic fluid
to neutral, reduced geothermal waters, all of the
chemical evidence was lost.

In some geothermal waters associated with
andesitic volcanoes, isotopes show that the waters
are mixtures of local meteoric water and an “andes-
itic” water characterized by high 8'%0 and 8D val-
ues along with high Cl concentrations
(Giggenbach, 1991). However, this is not observed
at Sumikawa probably because of high dilution
with meteoric water and possibly also because most
heat entered the reservoir by conduction rather than
in volcanic fluid. Another more-definite indica-
tion would be a high 3He/*He ratio in the gases,
because 3He is an indicator of direct mantle origin
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while most “He originates in the crust. Unfortu-
nately no He isotope analyses have been made on
Sumikawa fluids.

However, Giggenbach (1991) has shown that
the He-Ar-N, compositions of andesitic volcanic
gases are distinct from those of air, air-saturated
water and gases in crustal rocks. Figure 3.60 shows
the He-Ar-N, compositions of Sumikawa fluids
along with the compositions of air and air-satu-
rated water (ASW), and the general compositions
of Japanese magmatic gases (from Matsuo,ef al.,
1982). On this figure most Sumikawa gas compo-
sitions fall near the air composition and only gases
from SA-2 and SD-1 (along with one from SA-4)
contain significant He. The SA-2 gases show a
strong lineation in the direction of magmatic gas
with gases of some samples mostly from magma.
In 1988 and 1989 the fraction of magmatic indica-
tor gases increased with time suggesting that di-
luting air gases were being progressively purged.

In order to compare fluids from wells S-1, S-
2 and S-3 (without He data) with fluids from newer
wells, all N,/Ar mole ratios are plotted against date
of collection in Figure 3.61. This figure shows
that from 1982 to 1988 almost all N,/Ar ratios are
within the range between air-saturated water
(~40:1) and air (~80:1). In 1988, with more analy-
ses, the range is the same, but in 1989 most points
fall near the air value. This probably results from
the injection of cold water in late 1989, during
which slugs of air were injected along with water.
In 1988 and 1989 SA-2 samples and possibly oth-
ers with N./Ar higher than air are evident.

These indications of magmatic influence at
Sumikawa do not necessarily indicate that there
are significant unaltered acid magmatic fluids in
the system. The magmatic constituents detected
are inert (Ar,He) or relatively so (N,) and would

be preserved through the dilution and rock reac-
tions involved in the alteration of magmatic gas to
geothermal fluid. Well SA-2 with the strongest
magmatic signal is closest to Mt Yake and, along
with well S-2, has the most saline waters and the
highest 8'80 values (outside the enthalpy-chloride-
isotope pattern of other wells). These wells also
have the highest Mg and the highest C1/B which
are used in Philippine fields to detect acid mag-
matic inflow (PNOC, pers. commun, 1996). There-
fore, It may be important to monitor frequently the
chemistry of fluids from SA-2 and other wells
drilled near Mt Yake.

3.12 Conclusions

The Sumikawa geothermal field being ex-
ploited by the Mitsubishi Metals Corporation
(MMC) appears highly promising from a geo-
chemical perspective. Most drilled wells produce
fluids that can be exploited easily for electricity
production using conventional technology. The
field appears to be larger than the present (1990)
drilled area and probably extends from Mt. Yake
to Ohnuma and some distance to the north. The
Sumikawa and Ohnuma fluids are genetically con-
nected, originating from boiling and dilution of a
345°C parent fluid.

The Sumikawa reservoir fluid samples col-
lected and analyzed by MMC are generally neu-
tral to alkaline sodium chloride-sulfate-bicarbonate
waters (except the later discharge from well S-2),
originate at temperatures of 230 to 310°C, and exist
in the reservoir as liquid or mixtures of liquid and
vapor. The salinity is variable but low with most
waters having 200 to 250 mg/kg chloride before
flashing. In general these waters should present no
unusual chemical problems during exploitation.

Continued on page 3-82
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Figure 3.60. He-Ar-N, compositions of Sumikawa fluids along with the compositions of air and
air-saturated water (ASW).
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Figure 3.61. N2/Ar ratios for Sumikawa wells.
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The cold water injection test has made the
calculation of undisturbed reservoir fluid
compostion for some wells difficult. The recovery
curves from this injection are interesting and may
yield estimates of reservoir volumes. However,
some wells were only sampled after the cold in-
Jection and other wells have had only a few samples
collected earlier. Methods of estimating reservoir
temperatures and in situ vapor fractions workzd
well on earlier, uncontaminated samples as did
calculation of mineral saturation using a chemical
solution model. These methods should be applied
to analyses of future, uncontaminated samples.

The presence of gases derived from a mag-
matic source has been demonstrated from wells

near Mt. Yake. Development in this sector should
consider the possibility of residual acid magmatic
fluids.

More sampling of fluids from existing wells
during long term flow tests would add to our
knowledge of the field. Future testing should in-
clude chemical, gas and isotope analysis of samples
collected at the same time as the measurement of
flow and enthalpy. Slow reacting SO,-H,0 and
CO,-CH, isotope geothermometers should be ap-
plied to try to verify the presence of the hypoth-
esized 345°C parent fluid.
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4 Analysis of Downhole Data

As of early-1990, MMC and NEDO had
drilled and tested thirteen slim holes (diameter < 6
inches) and eleven large-diameter (diameter > 6
in~he<\ wells. With the exception of four slim holes
(0-3T, Y-1T, Y-2T, and Y-3T) and two large-diam-
eter wells (SD-2, SN-8R), some injection and/or
production data are available for all of the Sumi-
kawa boreholes. In this section, we will analyze
available drilling (circulation losses, well comple-
tion and geologic data) and downhole PTS (i.e.,
pressure, temperature, and spinner) surveys to ob-
tain feedzone depths, pressures and temperatures
for the eighteen wells listed in Table 4.1. The es-
sential drilling and well completion data, required
in the interpretations, are given in Appendix B.

At the Sumikawa Geothermal Field, down-
hole pressures are usually measured with Kuster
gauges. Since these Kuster gauges are not
recalibrated in the field, it is highly desirable to
have repeat measurements with different tools. It
is also possible to utilize the water level and tem-
perature gradient data to deduce the downhole pres-
sure distribution in the borehole; this pressure dis-
tribution can in turn be used to verify the accuracy
of downhole pressure measurements. The impor-
tance of ensuring the accuracy and reliability of
measuring tools cannot be overemphasized. It ap-
pears that the downhole pressure measurements
made with a Kuster pressure tool (KPG-29846)
during 1987 at Sumikawa are incorrect. We were
also advised by MMC that many of the pressure/
temperature measurements taken by an experimen-
tal PTS tool (PTS 350) during 1988 are suspect.

Some of the Sumikawa boreholes were
directionally drilled; because of borehole devia-
tion the measured depths along the borehole (MD)
do not necessarily indicate true vertical depths
(TVD) from the surface. To derive true vertical
depths from the measured depths, it is thus neces-
sary to correct for borehole deviation. Depths will
also be sometimes given in terms of elevation
(meters) above sea level; thus —800 ASL denotes
an elevation of 800 meters below sea level. Cas-
ing, liner and borehole dimensions are generally
given in mm for slim holes (borehole diameter <6
inches) and in inches for large-diameter (borehole
diameter > 6 inches) wells.

4.1 Slim Hole 50-HM-3

The borehole appears to heat up conductively
(Figure 4.1) and temperature surveys provide no
clear indications of permeability. A temperature
profile at a nominal shutin time of three hours re-
corded on November 27, 1975 shows a change in
temperature gradient at ~ 460 m; if real, this may
indicate the permeable horizon for 50-HM-3. The
latter depth (~ 460 m) corresponds to a sandstone
stringer embedded in the black shales.

Selected water level data and computed down-
hole pressures are shown in Figure 4.2. The water
level stood at 14 m on November 22, 1975 (ST ~ 3
hours); it then fell to 139 m on December 2, 1975
(ST ~ 120 hours). Since it is not known if the wa-
ter level at 120 hours represents the stable water
level for 50-HM-3, we can only place an upper

Continued on page 4-5
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Table 4.1. Sumikawa boreholes with production or injection data.
| Measured Vertical Feedzone Final Feedzone | Production/
Borehole Depth Depth Depth Diameter | Temperature | Injection

Name (meters) (mTVD) (mTVD) (mm) °O) Data
50-HM-3 501 501 4607 79 — I
N60-KY-1 1604 1604 1560 101 205 I
O-5T 749 749 7477 64 >210 I
S-1 448 448 436 143 — P,I
S-2%* 905 905 900 101 >225 P.I
S-2 1065 1065 940 101 240 P,I
S-3 805 805 700 101 240 P,I
S-4 1552 1552 1520 159 295 P,I
SA-1 2001 1832 1800 216 305 P,I
SA-2 2005 1943 1450 216 2300 P,I
SA4 2009 1739 1240 216 =290 P.I
SB-1 2086 2006 1600 216 >260 P,I
SB-2 1384 1308 1270 216 ~250 I
SB-3 1542 1366 880 216 ~210 I
SC-1 2486 2472 2310 216 246 P,I
SD-1 1704 1691 1550 216 250 P.I
52E-SM-1 1003 1003 730? 79 — 1
S2E-SM-2* 803 803 550 101 >170 P.I
S2E-SM-2 1001 1001 980 79 >230 P
N59-SN-5 1701 1701 1600 101 >260 I

*Intermediate depth

4-2

Case Study of the Sumikawa Geothermal Field, Japan




Analysis of Downhole Data

1 \ I ] i 1 1 1 I 1 1 I R I 1
so [\ .
100 |- N\ -
I AN
150 | T
[ N .
s <\
: N -~ \
5200 |- N .
g | N
[} 3 \
Eomo | ‘\\ |
£ | * N\
Q. ] s
3 I 2 N\
— 300 v _
= b}
g | A\
§ 350 : ) > \
; 98N
5 \ 4
i AN
\ —
400 - . \
450 i N
= . |
: v\
B \
500 & 2:11-19-75, 1 hour . \_
| 3:11-27-75, 3 hours
4: 12-02-75, 5 days
550 M )
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Temperature (Celsius)
Figure 4.1. Temperature profiles for 50-HM-3.
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bound on the formation pressure. The pressure at
a depth of 460 m is:

p(460 m) = p(514 ASL) < 31 bars

4.2 Slim Hole N60-KY-1

Heat up surveys in the partially drilled hole
(drilled depth ~ 880 meters) show a thermal fea-
ture in the depth interval from 500 to 540 meters
(Figure 4.3); this probably corresponds to the lost
circulation zone at 530 meters. After over four
months of shutin, the water level in the partially
drilled borehole was recorded on April 26, 1986;
the computed pressure profile is shown in Fig-
ure 4.4. The pressure at 530 meters is ~ 38.5 bars.
It is significant that the heatup surveys in the com-
pleted borehole (Figure 4.5) do not show any ther-
mal feature at 500 to 540 meters; in addition, the
pressures in the completed borehole are much
lower than those implied by the water level mea-
surements in the partially drilled borehole.

The completed borehole heats up very slowly
below the casing shoe at ~ 1001 meters; available
temperature profiles provide no clear indications
of formation permeability. Only twu mud loss
zones (at 1160 m and at 1562 m) were encoun-
tered in the uncased interval for this borehole. We
will tentatively assume that the major feedzone for
KY-1 is located at ~ 1560 meters. Like the tem-
peratures, water levels did not show much varia-
tion during the heat up period; representative com-
puted pressure profiles are shown in Figure 4.6.
The pressure at 1560 meters is ~ 104 bars. The lat-
ter pressure value is in substantial agreement with
that (~ 103 bars) recorded on May 10, 1988 (Fig-
ure 4.7). The stable pressure at 1560 meters is,
therefore, 103.5 (& 0.5) bars. The stable tempera-
ture at 1560 meters is about 205°C.

4.3 Slim Hole O-5T

The heatup profiles (Figure 4.8) show marked
features at ~ 260 m and ~ 380 m; also a small break
in temperature gradient is seen at ~ 450 m. The
break in temperature gradient at ~ 260 m is prob-
ably associated with the water level in the well;
the feature at ~ 450 m corresponds to the change
from cased to open hole. Temperature data, how-
ever, fail to show any thermal anomaly at the lost
circulation horizon at ~ 747 m. Maximum tempera-
ture occurs towards bottomhole and exceeds 210°C
(shutin time ~ 76 hours).

Well logs indicate that the water level in the
borehole stood at 261.5 m at a shutin time of ~ 3
hours (8/13/77); it then fell to 262.5 m at ~ 4 hours
and stayed at this level until the end of the obser-
vation period (shutin time ~ 76 hours). The above
water level for 76 hours cannot be correct since
the corresponding temperature profile would im-
ply the presence of superheated steam below the
water level. Table 6-3-1 (MMC, 1985) gives a
water level of 150 m at the same time. Assuming
that the latter water level is correct, the pressure at
750 m (see Figure 4.9) is about 54.5 bars.

4.4 Slim Hole S-1

During the drilling of S-1, partial circulation
losses were recorded at 436 m and 438 m. While
drilling at 448 m, a blowout occurred and no fur-
ther drilling was undertaken. The blowout was
probably caused by total circulation loss at 448 m.
These mud loss and drilling data suggest that the -
fluid entry for this borehole is located at 436 to
448 m.

Prior to setting the 6-inch casing at 305 m,
heat up surveys (shutin time 3 to 12 hours) were

Continued on page 4-13
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Figure 4.3. Temperatures in partially drilled borehole N60-KY-1 (drilled depth ~ 880 meters).
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recorded on November 4 and 5, 1981 (see Fig-

ure 4.10). The 12-hour temperature survey suggests -

the possibility of an entry at ~ 270 m; this is, how-
ever, not confirmed by the temperature survey at 3
hours. No heat up profiles deeper than 305 m are
available.

The pressure survey of April 30, 1982 (see
Figure 4.11) was run to a maximum depth of 300 m.
The interval from 100 m to 300 m depth is cer-
tainly two-phase; extrapolating the pressure gra-
dient over the interval 150 m to 300 m, a
bottomhole (448 m) pressure of ~ 20.3 bars is ob-
tained. This pressure is only approximate since
(1) the pressure gradient below 300 m may not be
the same as that above 300 m and (2) the borehole
is discharging internally.

The borehole was flow tested for several days
in April 1982. The well output consisted entirely
of dry steam with no water phase present. It ap-
pears that the reported wellhead enthalpies were
determined by assuming that the steam is saturated
at the measured wellhead pressure. The steam flow
rate declines linearly with pressure and can be ex-
trapolated to give a pressure of ~ 20.1 bars at zero
flow rate. Allowing for the weight of the steam
column, this suggests a bottomhole (~ < 48 m) pres-
sure of ~ 20.5 bars. The latter pressure value agrees
closely with that obtained from an extrapolation
of the pressure survey of April 30, 1982. Assum-
ing that the reservoir in the neighborhood of S-1
contains saturated steam, the reservoir temperature
is estimated to be ~ 213°C (corresponding to a res-
ervoir pressure of ~ 20.4 bars).

The above inferred value for reservoir pres-
sure is, however, at considerable variance with the
pressure value given in Table II-3-1 of MMC
(1986). According to the latter, a pressure survey
run on December 17, 1981 (shutin time ~ 1 hour,

9 minutes) indicated a pressure of 25.3 bars at 436
m. The corresponding water level (pressure ~ 0.9
bars) depth in the borehole was ~ 187 meters (i.e.,
249 meters above the pressure measurement
depth). These water level and pressure data imply
the presence of a very dense fluid (density
~ 1000 kg/m?) in the borehole at the time of pres-
sure survey on December 17, 1981. The drilling
operations were completed on or about November
20, 1981. We are unable to explain the presence of
a dense fluid (density ~ 1000 kg/m?) in the bore-
hole on December 17, 1981. It is therefore, sug-
gested that the pressure measurement of Decem-
ber 17, 1981 is unreliable.

4.5 Slim Hole S-2

The borehole was originally (October 1981)
drilled to a total depth of ~ 905 meters. The bot-
tom of the 4-inch casing was set at 703 meters,
and an open hole completion was used below this
depth. In October 1982, the hole was sidetracked
at 747 meters, and drilled to a depth of ~ 1065

-meters. The redrilled hole (like the original hole)

was left open below 703 meters.

The single shutin survey (Figure 4.12) in th.
original hole was recorded during swabbing op-
erations on July 2, 1982; the temperature at 900
meters depth exceeds 225°C. A spinner survey re-
corded during an injection test on July 16, 1982
(Figure 4.13) indicates that the major feedzone for
the original S-2 is located at 900 meters. Tempera-
ture (Figure 4.12) and pressure surveys (Fig-
ure 4.14) taken during a production test on July 11,
1982 show two-phase conditions in the borehole
at the feedzone depth; apparently, production is ac-
companied by in situ boiling. MMC (1986;
Table II-3-1) lists a pressure (computed from water
level and temperature data) of 49.5 bars (June 24,

Continued on page 4-19
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Figure 4.14. Pressure survey recorded in the original slim hole S-2 (drilled depth = 904.6 m) during a
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1982; shutin time ~ 13.3 hours) at 903.4 meters.
The temperature and water level data recorded on
June 24, 1982 are unavailable for the present study.

Selected heat up surveys in the redrilled hole
are plotted in Figure 4.15. The persistence of low
temperatures at ~ 600 m, ~ 735 m and ~ 880 m
indicates the presence of permeable horizons. Also,
an abrupt change in temperature gradient at
~ 940 m implies a fluid entry at this depth. Tae
temperature at ~ 940 m (see temperature surveys
taken on May 10, 1983 and November 10, 1982)
is ~ 240°C. The fluid entry at ~ 600 m is also con-
firmed by several flow meter surveys (see Figure
4.16). 1t is therefore likely that there is a break in
casing at this depth. All of the flow meter surveys
in the redrilled hole indicate that most of the in-
jected water is lost over the depth interval 900 to
940 m; this is clearly the most permeable horizon
for S-2.

Several water level readings are available for
the redrilled S-2. The water level reading corre-
sponding to a shutin time of 179 days appears to
be incorrect; this is probably due to boiling in the
upper part of S-2 at this time. The pressure pro-
files (Figure 4.17) other than that for a shutin time
of 179 days appear to coincide at ~ 900 to 1000 m.
The pressure at a depth of 940 m is 52.5 bars. The
latter value is close to the pressure of ~ 51 bars
(depth ~ 935 m) recorded on November 6, 1982
(Table II-3-1, MMC, 1986). The slight discrepancy
(~ 1 bar) between the two values may be due to
borehole deviation. The saturation temperature cor-
responding to a pressure of 51 bars is ~ 265°C.
Since it is unlikely that the stable temperature at
~ 940 m exceeds 250°C, we conclude that the res-
ervoir fluid at this depth is single-phase liquid. The
reservoir at shallower depths may, however, con-
tain a two-phase fluid.

Temperature (Figure 4.15) and pressure (Fig-
ure 4.18) surveys taken in the redrilled hole dur-
ing a production test on November 10, 1982 show
the presence of single-phase liquid in the borehole
at the feedzone (900-940 meters) depth. During
the November 1982 production test, the redrilled
S-2 discharged fluid with an enthalpy of about
~ 250 (% 10) kcal/kg; this is consistent with pro-
duction from a liquid reservoir of about 240 to
250°C at a depth of ~ 940 m.

4.6 Slim Hole S-3

The available temperature surveys for S-3 are
shown in Figure 4.19. A pronounced feature in tem-
perature profiles 2 and 3 identifies a permeable
zone at ~ 450 m. Temperature surveys 2 to 4 a:so
show permeable zones at 650 to 750 m and at
~ 780 m. The permeable zone at 650 to 750 m may
not be a continuous zone; the isothermal interval
indicates permeability at both the endpoints and
interzonal flow. Two flow-meter surveys conducted
on June 13, 1983 (Figure 4.20) show that most of
the injected water is lost over the depth interval
650 to 750 m; thus it would seem that the princi-
pal feed point for S-3 is located in this depth
interval.

Temperature surveys conducted after long
standing times (see profiles 7 and 10, Figure 4.19)
appear to follow the boiling point versus depth
curve down to ~ 650 m; the water levels associ-
ated with these profiles (see profiles 7 and 10, Fig-
ure 4.21) are useless for determining reservoir pres-
sures due to boiling in the borehole. The maximum
temperature in S-3 measured on May 16, 1983 was
~ 236°C at ~ 620 m. The enthalpy of the fluid pro-
duced from S-3 is approximately equal to the en-
thalpy of liquid water at ~ 240°C. Thus, it is likely

Continued on page 4-26
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Figure 4.15. Temperature surveys in slim hole S-2 (drilled depth = 1065.1 m).

4-20

Case Study of the Sumikawa Geothermal Field, Japan




Analysis of Downhole Data

350 I I 1 | | i i I [ -

400

LA e

450

500

T

550

(2]
o
o
Tt

Vertical Depth (meters)
(o)}
[$2]
Q

700 |
750 |
8oo |

[

L 2: 10-24-82, Injection "
850 |- 3:10-24-82, Injection

r 4:10-24-82, Injection
900 | ]
950 ~;.(-.':f“'..“V—Tf"T'—x.T'T-v,_yT,Tl-—T-I-—T_T-T-T—-[..,.

10 20 30 40 50 60 70 80 90 100 110
Flow Rate Percentage

o
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Figure 4.19. Selected temperature profiles for slim hole S-3.
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that the main feed zone for S-3 (depth ~ 650 to
750 m) contains liquid water at ~ 240°C.

Several bottomhole pressure surveys are
available for S-3. Two of these surveys (Septem-
ber 2, 1982, p=27.6 bars at 428 m; May 16, 1983,
p = 32.6 bars at 648 m) were made in the partially
drilled hole (see Table II-3-1 in MMC, 1986). Since
the reservoir is most likely two-phase down to a
depth of ~ 650 m, these pressure values may be
used to estimate the corresponding formation tem-
peratures (7 = 229°C at 428 m, and 7 = 238°C at
~ 648 m). We note that for borehole S-1, the esti-
mated temperature at 436 m depth is at least 213°C.

Pressure profiles computed from water level
and temperature data are shown in Figure 4.21.
Pressure profiles (7 and 10) cannot be used to de-
termine the feedzone pressure due to the presence
of two-phase conditions in the wellbore. The pres-
sure at the midpoint (700 m) of the permeable zone
at 650 to 750 m can be estimated from profiles 2
and 4, and is ~ 33.5 bars. The latter pressure value
1s in substantial agreement with that obtained
(~ 32.5 bars) from downhole pressure surveys (see
e.g., pressure survey 3, Figure 4.22) conducted
prior to June 1986. Later downhole pressure
surveys (surveys 4 and S, Figure 4.22) give sub-
stantially higher pressures; these higher pressures
may be the result of a shallow casing leak in S-3.

4.7 Well S-4

Selected temperature profiles for S-4 are
shown in Figure 4.23. Temperature profile 1 was
measured in the partially drilled hole, and indicates
a temperature of ~245°C at a depth of 650 m. The
measured temperature implies two-phase (or even
steam) conditions at this depth in the reservoir. The
shape of the temperature profile (i.e., linear gradi-

ent above ~550 m) suggests that two-phase condi-
tions may extend up to ~550 m.

The short-time heat-up profiles (see profiles
2 through 4) indicate permeable zones at 1120 to
1180 m and at ~1525 m. These permeable zones
are also confirmed by a flow-meter test carried out
on November 7, 1983. The flow-meter also indi-
cates water loss at 1200 to 1300 m (Figure 4.24).
Temperature profile 12 (Figure 4.23) shows an iso-
thermal zone from 1250 to 1350 m; an isothermal
zone implies permeability at both its end points.
The maximum temperature (Profile 6) occurs to-
wards bottomhole and is ~300°C.

Pressure profiles calculated from water level
and temperature data are shown in Figure 4.25.
Pressure profiles 2 and 4 (corresponding to tem-
perature profiles 2 and 4, Figure 4.23) coincide
towards bottombhole; this indicates that the primary
permeable zone for S-4 is at ~1520 to 1530 m. The
computed pressure at ~1520 m is ~94 bars, and is
in good agreement with a bottomhole pressure sur-
vey (p = 94.9 bars at 1523 m) made on June 29,
1984 (MMC, 1986; Table II-3-1). It is noteworthy
that the water level and temperature data recorded
on the latter date yield a higher pressure value (see
profile 6 in Figure 4.25). The water level data of
June 29, 1984, and April 3, 1989 (Figure 4.25),
cannot be used to calculate downhole pressures due
to the presence of boiling conditions in the well-
bore at that time. The measured pressure profiles
for well S-4 are shown in Figure 4.26; these pres-
sure profiles indicate a pressure of ~92 bars at
~1520 m. Based on the preceding discussion, the
stable pressure at ~1520 m is estimated to be
93 (£1) bars.

Continued on page 4-33
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Figure 4.21. Pressure profiles computed from water level and temperature data for slim hole S-3.

Case Study of the Sumikawa Geothermal Field, Japan 4-27




Analysis of Downhole Data

300

350

400

LIRS LA N A St S B S S S B B

450

meters)

— 550

rrrrrT o

800

T o

Vertical Depth

o

wn

o
|‘rr

700

LN B B B B e

750

Y

3: 05-21-86, 844 days \ \
4: 10-01-87, 1342 days N
5: 04-28-88, 1552 days

800

T

850'r.Jl.,ILIJI.llL‘,,I,-.14'. e L e L

0 5 10 15 20 25 30 35 40 45
Pressure (bars)

Figure 4.22. Measured pressure profiles for slim hole S-3.
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4.8 Well SA-1

Selected temperature surveys for well SA-1
are displayed in Figure 4.27. The temperature sur-
vey recorded on October 10, 1986 while injecting
cold water shows an anomalously warm interval
from ~1250 m TVD to ~1450 m TVD. This
anomaly is most likely associated with the particu-
lar liner arrangement (slotted/blank/slotted/blank/
slotted) employed in the hole over the latter depth
interval. A spinner survey taken during an injec-
tion test on October 15, 1987 (Figure 4.28) shows
a complex flow pattern in the well from
~1250 m TVD to ~1450 m TVD. All the available
spinner surveys (Figures 4.28 and 4.29) indicate
that the major permeable zone for SA-1 is located
at ~1790 m TVD.The maximum temperature oc-
curs towards bottomhole and exceeds 305°C.

Pressures computed from measured tempera-
ture profiles and water level data are shown in Fig-
ure 4.30. Interestingly, the pressures appear to in-
crease with increasing shutin time, and do not form
a pivot. This may be indicative of poor formation
permeability; alternatively, it could be due to in-
accuracies in water level data. It is often difficult
to measure water levels accurately in wells which
are boiling. The computed pressure (Figure 4.30)
at 1800 m TVD is ~114.5 £ 2 bars. This value is in
good agreement with that (~113 bars) recorded on
April 22, 1988 with a downhole pressure gauge
(see Figure 4.31).

4.9 Well SA-2

A temperature survey taken during cold water
injection on September 28, 1987 (Figure 4.32)
shows that part of the injected fluid is lost into a
fracture zone at ~1450 m TVD, and that the rest of
the injected fluid travels down the hole. Heat up

surveys (Figure 4.32, profiles 1 and 2) indicate
additional permeable zones at ~1150 m TVD and
at ~1900 m TVD. The permeable zone at ~1900 m
TVD is probably associated with the lost circula-
tion zone recorded near this depth. A spinner sur-
vey taken during cold water injection on Septem-
ber 28, 1987 (Figure 4.33) indicates that most of
the water loss occurs from ~1380 m TVD to ~1500
m TVD. Thus, it would appear that the major feed
point for Well SA-2 is located at ~1450 m TVD.
The maximum temperature occurs towards
bottomhole and is ~320°C. The feedzone tempera-
ture exceeds 300°C.

No reliable downhole pressure measurements
are available for this well. (Downhole pressure
measurements were made with KPG-29846 and
PTS-350. As discussed elsewhere in this report,
these measurements are not reliable.) Pressure pro-
files computed from water level and temperature
data are shown in Figure 4.34. The water level for
profile 1 was obtained from an electric survey, and
may be in substantial error. The pressure survey
conducted with Kuster tool KPG-29846 (Fig-
ure 4.35) was used to determine the water level
for profile 8. Although the two pressure profiles in
Figure 4.34 appear to pivot at ~1220 m TVD, we
do not attach any significance to this observation;
a pressure pivot should be an intersection of at least
three pressure profiles. Assuming that pressure
profile 8 represents stable pressures, the pressure
at 1450 m TVD is ~95.5 bars; by comparison, the
downhole pressure recorded directly by KPG-
29846 (see Figure 4.35) is ~94.5 bars. At present,
the feedpoint pressure for Well SA-2 must be re-
garded as uncertain. The available estimates for
feedzone pressure and temperature imply that two-
phase conditions may be present at the feedzone.

Continued on page 4-43
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Figure 4.27. Temperature surveys in well SA-1.
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Figure 4.28. A spinner survey recorded (tool moving up wellbore) while injecting cold water in well
SA-1 on October 15, 1987.
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Figure 4.29. Spinnef surveys recorded in well SA-1 during a discharge test in September 1989.
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Figure 4.30. Pressures (computed from water level and temperature data) in well SA-1.
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Figure 4.31. A measured pressure profile in well SA-1.
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Figure 4.32. Temperature surveys in well SA-2. Breaks in injection temperature profile of September 28,
1987 indicate stops at these locations.
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