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ABSTRACT

A basic concept of the geothermal reservoir as
a set of cracks is first presented. Extensions
of subsurface cracks during well stimulation
treatments at Nigorikawa(Mori) and closure op-
erations of production well-head valves at
Kakkonda are analysed and their behaviors are
demonstrated based on results of long-distance
AE Measurements.

INTRODUCTION

It has become evident recently that the produc-
tivity of geothermal well is highly dependent
on the existence of cracks in deep rock masses.
In HDR projects subsurface cracks are known to
serve for heat exchangers below the earth's
surface. By applying the hydraulic fracturing
technique as a well stimulation, subsurface
cracks are created and used as channels of the
geothermal fluid flow. The extension of sub-
surface cracks has been successfully measured
at Nigorikawa(Mori) in 1980 by using a long-
distance acoustic emission(AE) technique devel-
oped in Tohoku University(Niitsuma, H. et al.,
1983). The movement of subsurface natural
cracks during the closure operation of the
well-head valves has also been measured at
Kakkonda in 1982 and 1983 by using the same
measurement technique.

In this paper a basic concept of the geothermal
reservoir is first described, as it is sug-
gested from experiments on geothermal energy
extraction for both HDR and hydrothermal types
that the geothermal reservoir is constituted by
a set of cracks. The behaviors of subsurface
cracks at both Nigorikawa(Mori) and Kakkonda
geothermal fields are demonstrated by analysing
the AE data.

BASIC CONCEPT OF GEOTHERMAL RESERVOIR

a. Geothermal reservoir

There are two kinds of geothermal reservoirs,

i.e., natural and man-made reservoirs. Every

geothermal reservoir is considered to be con-

stituted by a set of cracks, most of which are
connected each other and contain a geothermal

fluid.

Japan

b. Cracks in geothermal reservoir

Faults, joints or thin layers subjected to al-
teration due to metamorphism have smaller val-
uves of the fracture toughness than that of the
surrounding rock. Let these surfaces or thin
layers be called '"surfaces of weakness'.

When the rock mass is fractured into two parts
by a surface of weakness and the fluid is fil-
led inside the newly created thin space, this
space is said to be a crack in the sense of
fracture mechanics applied to geothermal energy
extraction. The fracture toughness of the (un-
fractured) surface of weakness is generally
different from zero. A scheme of crack and
surface of weakness is shown in Figure 1.
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Figure 1. Cracks in geothermal reservoir and

surfaces of weakness

c. Growth of geothermal reservoir cracks

c-1. Massive hydraulic fracturing using deep
well pumps. The cracks created by massive hy-
draulic fracturing for both HDR and hydrother-~
mal types are considered. In general the crack
initiates on the line formed by intersecting
the wellbore wall with the surface of weakness.
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However if the fracturing operation is per-
formed on the very small portion of the well-
bore wall by using, for example, a pair of
packers, the crack may be produced from a point
of the matrix of the rock mass, which is dif-
ferent from a point on the surface of weakness.

When the crack grows by the injection of fluid,
it has a tendency to extend along the surface
of weakness which is probably vertical to the
direction of the minimum principal tectonic
stress. The crack ceases growing as the injec-
tion of water by pump is stopped, as shown in
Figure 2. In a hydrothermal type, however, if
the crack is connected with natural cracks with
higher fluid pressure, some small branch cracks
may grow even after the stop of the water in-
jection by pump. :
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Figure 2. Size of crack as function of time t.

(Injection of fluid is stopped at
t = tp)

c-2. Closure operation of well-head valves.

It was found during the closure operation of
production well-head valves that the cracks
grow along surface of weakness as in the case
of fracturing by using pumps. Two cases are
considered; (i) hot water type, and (ii) vapor
type. In Case (i) hot water is dominant in
quantity compared with vapor, and Case (ii) is
reversed. Figure 3 shows a schema for the var-
iation of downhole pressure, where the closure
operation of the well-head valve begins at t =
0 and it is completed at t = tj in both cases.
The AE events are detected when the velocity
of closure operation is larger than a certain
value. The extension of cracks are known by
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Figure 3. A schema for borehole pressure
versus time

detecting these AE events. In Case (i) AE
events are found even for t < tp, while they
could be detected for t > tp in Case (ii) be-
cause of the compressibility of the vapor. The
fact that AE events are detected also during a
dozen or so hours after the closure operation
means that fluid pressures in small cracks con-
tinue to increase depending on the permeability
and/or the fluid viscosity. Afterward the
downhole pressure and also the number of AE
events decrease slowly with time.

c-3. Supplements to growth of cracks. Hydrau-
lically induced cracks both by the action of
pumps and the closure operation of well-head
valves extend with the increase of the fluid
mass in each of the cracks and/or with the de-
crease of the fracture resistance which depends
on the environmental effect near their tips.
However, the cracks extend essentially in a
stable manner different from those in the mem—
bers in machines and structures (Abé, H. et al.,
1976).

According to the AE measurements mentioned in
this paper the cracks in hydrothermal systems
are considered to extend mainly in downstream
domains of the geothermal fluid flow.

CREATION OF RESERVOIR CRACKS BY FRACTURING AND
ITS AE EVALUATION AT NIGORIKAWA (MORI) FIELD

A 50MWe geothermal electric power plant had
been developed in the Nigorikawa(Mori) geother-
mal field in Hokkaido by Dohnan Geothermal
Energy Co., Ltd., a subsidary of Japan Metals

& Chemicals Co., Ltd., and was put into opera-
tion in November, 1982. A total of 17 geother-
mal wells at the depth ranging from 700m to
2400m had been drilled. In order to stimulate
geothermal wells, massive hydraulic fracturing
treatments were performed for 10 wells, in two
separate projects in 1978 and 1980. The de-
tailed information for this hydraulic fractur-
ing was already described elsewhere (Katagiri,
K. et al., 1980, Sato, K. et al., 1983).

On May 1, 1980, the massive hydraulic fractur-
ing for D-1 well was carried out, where the
long-distance AE measurement was also performed
to monitor the crack extension during the frac-
turing. A large pre-existing cr.ck was ob-
served at the depth of about 1400m from the
maximum lost circulation of mud water during
well drilling. An AE instrumentation well of
30m depth was drilled. The AE hodogram tech-
nique and experimental details were reported
already in the literature (Niitsuma, H. et al.,
1983). The distance between the expected frac-
tured location and the AE monitoring well was
about 1600m.

AE monitoring had been continued for 3.5hr dur-
ing the fracturing (about 1.5hr), and before
and after the operation in order to check the
background noise level. Twenty-one AE events
could be detected during the hydraulic fractur-
ing by the waveform monitoring. The maximum
value of their amplitude is 0.86gal.
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Normally a hydraulically induced fracture for-
mation is estimated by an abrupt pressure drop,
denoted as a breakdown, under a condition of
increasing or constant flow rate. However, one
could not determine the breakdown point clearly
only from the pressure change. On the other
hand, AE events would be generated potentially
by tension elastic rebound at the fracture
boundary and rock bursts near the fractured
zone. Therefore, the AE technique is effec-
tively used for the monitoring of the abrupt
breakdown during hydraulic fracturing. All
large AE signals detected are listed in Table 1.

Table 1. AE signals detected during hydraulic
fracturing at D-1 well

LOCATED AE SOURCE

TIME No.
DISTANCE(m) DIRECTION(®)
1st STAGE
10:41'12" 3 1603 W37.0S
10:51'22" 6 1613 W34.7S
10:59'55" 10 1325 W33.0S
11:07'45" T 1238 W43.3S
11:10'42" 13 1100 W21.0S
2nd STAGE
11:36'02" 17 1278 W43.5S
11:36'40" 19 1414 W25.1S
11:46'20" 24 1585 W155-W22S
11:49'40" 25 1331 W34.5S
11:55'25" 26 1715 W26.0S
11:56'50" 29 1556 W155-W18S
11:57'12" 30 1704 W23.18
12:01'10" 31 1109 W30.0S

Estimated distances between sonde and AE source
by the hodogram method are presented in Table 1
where the wave velocities are assumed that v, =
4330m/s, vg = 2500m/s according to core sampEe

data. Estimated relative directions in XY (hor-
izontal) plane are also indicated in the table.

Figure 4 shows the subsurface geologic section
view where the contour of D-1 well is in plane.
The D-6 well had been treated before the treat-
ment of D-1. Both D-1 and D-6 wells are almost
in the same plane. A series of numbers and
their locations indicate an order of AE occur-
rence and the source locations given in Table 1.
Fl, F2 and F3 represent three major faults and
LC in the figure indicates the location of lost
circulation of mud water during well drilling,
and it shows the existence of a crack in the
geothermal reservoir. The lost circulations
mainly occurred along the fault, the upper part
of limestone layer and the fractured chert
layer(the dotted layer in Figure 4) at the
depth ranging from 1200m to 1400m. It is con-
firmed from core samples that the fractured
chert layer includes pre-existing cracks in-
duced naturally having networks of pores caused
by weathering. LC just below the casing bottom
in D-1 well indicates the expected fractured
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Figure 4. A-A'(E-W) section view of subsurface
geological structure and AE source
locations

point and D-1 well intersects with the fault F2
at this point.

After the hydraulic fracturing it is found from
the tracer and well performance tests that the
breakthrough between D-1 and D-6 wells occurred.
When the production testing of D-1 well was
carried out, both well-head pressures of D-1
and D-6 wells built-up simultaneously. There-
fore, it can be considered that the crack ex-
tended along the fault F2 and the naturally
fractured chert layer(dotted layer in Figure 4).

A horizontal distribution of AE source is plot-
ted as shown in Figure 5, where Fl, F2 and F3

. show the location of the faults near the depth

of the expected fractured zone (1300-1500m) and
the crack extension is indicated over these
faults. The crack extension process during the
hydraulic fracturing of D-1 well may be ex-

' plained by means of the AE data, as follows,

referring Figs. 4 and 5: (1) The AE occurrences
of #3 and 6, which are shear dominant type
events, suggest that a shear crack extended
from the point of the maximum lost circulation
near the casing shoe along the fault plane F2.
(2) The crack was kinked at the naturally frac-
tured chert layer and extended in the layer
toward the direction of the fault F3(#10), and
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Figure 5.

the data may suggest an occurrence of an open-
ing mode cracking. (3) A shear mode cracking
occurred again(#11) when the crack reached to
the fault plane F3, where a hydraulically in-
duced crack from D-6 well had already existed.
(4) After that, the crack extended in the layer
(#13-30), nearly parallel to the line A-A'
which coincides with the maximum earth stress
direction in the Nigorikawa(Mori) area
(Nakamura, H., 1977).

EXTENSION OF RESERVOIR CRACKS DURING BUILT-UP
TEST(VALVE CLOSURE OPERATION) AT KAKKONDA FIELD

Kakkonda geothermal field is located in Iwate
prefecture. A 50MWe geothermal electric power
plant had been developed in the field by Japan
Metals and Chemicals Co., Ltd., and was put
into operation in 1978 (Nakamura, H. and Sumi,
K., 1981, Sato, K., 1982).

Eleven wells are being used for production and
fourteen for reinjection of hot water.
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Horizontal distribution of AE sources

The build-up tests of production wells have
been carried out in 1982 and 1983 at Kakkonda
field, after an interval of about one year.
signals during the tests were measured. The
well-head valves of the four wells (E-1, C-5,
B-5 and B-3) were closed successively within
six hours in 1982. After that, valves of re-
maining seven wells (A-1,-2,-3, B~1l, C-2,-3,
D-1) were closed within three hours. Both
well-head pressure and flow rate were monitored
during the test. AE were measured in an in-
strumentation well of 15m depth which had been
drilled into the tuff(see Figure 9).

AE

Figure 6 shows the ringdown count rate vs time
along with flow rate. As shown in the figure,
the acoustic emission activity increases with
decreasing flow rate. It is also noted that
the successive valve closures of multiple wells
or the large change of flow rate within a short
period induced a lot of acoustic emissions.
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Figure 7 shows the change of each well-head
pressure and the occurrences of individual AE
as a function of time, where the height of open
circle means AE event energy. Although a de~
tailed analysis is needed to correlate the
well-head pressure with the bottom pressure,
the tramsient behavior of well-head pressure
and the variation of AE activity is very sim—
ilar to that suggested in Figure 3.

The AE signals detected were processed by the
same procedure, and the AE source locations
were determined by using the p- and s-wave ve-
locities of 3560m/s and 2060m/s respectively.
Figure 8 is a plane distribution of AE sources.
The AE sources are localized in a southeast re-
gion of the field, surrounded by faults. It is
also shown that the active area seems to extend
gradually outward during the valve operation.
Figure 9 shows the vertical projection of the
AE sources detected near A-A' section of Fig.8.
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Figure 7. AE event energy, flow rate and well-head pressure versus time (July 15, 1982)
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Figure 8. Plane distribution of AE sources detected during built-up test (July 15, 1982)
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Figure 9. Vertical projection of AE sources detected near A-A' section of Fig. 8

It is found that AE sources and their time
variation are closely related to the successive
movements of reservoir cracks. Based on the
built-up valve operation and AE data we can
understand a detailed structure of the geother-
mal reservoir cracks at Kakkonda, with special
reference to the geological fine discontinu-
ities,
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