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ABSTRACT

A three month circulation test was conducted in 1991 at the Hijiori hot
dry rock test site, We conducted six tracer tests during the circulation
test. The injected waler into a well SKG-2 and the produced fluid from
three production wells, HDR-1, HDR-2, and HDR-3, were coilected
during the tracer tests. Major dissolved species were analyzed beside
iracer reagents such as [, Br, and fluorescein. Chemistry analysis was
used 10 evaluate rock water interactions in the fractured reservoir.
Although the distance between the imjection well and the three
production wells are less than 60 m1 and the breakthirough time in each
flow path is less than 7 hours, concentrations of dissolved species
increased in produced fluid. Difference of produced fluid chemistry is
mainly causcd by the difference of the reservoir temperature,

1. INTRODUCTION

In 1991, a three month circulation test was conducted at the Hot Dry
Rock (HDR) geothermal energy test site in Hijiori. During the test,
many measuremenis and experiments were performed to diagnose the
reservoir condition in the granitic basement rock at a depth of 1800 m.
Pressure-Temperature-Spinner  (PTS)  survey was  periodically
conducted in the three production wells [Miyairi et al., 1992]. Tracer
experiments conducted during the circulation fest gave useful daia to
obtain the reservoir parameter such as volume in the inter-well region
[Matsunaga et al., 1992].

Since fluid geochemistry is very important for predicting the behavior
of fluid flow in the HDR geothermalenergy system [Pauwels et al.,
1992], fluid geochemical behavior in experimental HDR reservoirs
was observed in circulation tests a1 Fenton Hill [Grigsby et al., 1983,
1989; Robinson et al., 1987], Roscmanowes [Edmunds et al., 1985;
McCartney, 1989], Soultz-sous-Forets [Pauwels et al., 1992), and
Hijiori [Kiho and Ohsumi, 1992], These circulation tests were
conducted by using a single well (Soultz) and a doublet well system
(Fenton Hill and Rosemanowes). Since a multi-well production system
{one injection well SKG-2 and three production wells, HDR-1, HDR-2,
and HDR-3} was used during the three-month circulation test at the
Hijiori site, the circulation test gave a unique chance to obtain fivid
samples which can indicate the fluid composition in different flow
paths of the reservoirfMcCaitoney, 1987]. In this study, we give
resulls of fluid geochemistry during & tracer test in the circulation test
and discuss water-rock interactions in the reservoir.

2. THREE MONTH CIRCULATION TEST AT HLj}OR!

The Hijiori HDR test site is located at the southern flank of the Hijiori
caldera in northern Honshu. The caldera was formed during a recent
volcanism of about 10,000 years ago. Figure 1 shows the localion of 4
test site and stations for microseismic observation. It has been the sile
for development of HDR techaology since 1985 [Matsunaga and
Yamaguchi, 1992]. At the test site, three production welis, HDR-1,
HDR-2 and HDR-3 have been drilled around the production well SKG
-2, as shown in Figure 2.

The threc-month circulation iest was carried out from August 6
through November 3 in 1991. A total of about 135,600 m3 of water
was injected in SKG-2 and 94,300 m3 of hot waler was recovered
from the production wells[Yamaguchi et al., 1992]. The injection flow
rate was kept nearly constant at 1 m3/min over a period of 3 months,
excepl two high-rate injections at the early stage of the test. Following
the first 23 days of circulation, single well production tests were
conducted for 5 days each to evaluate the productivity of each
production well.

The production temperatures at each wellhead were increased very
rapidly and reached 160 and 180 °C at the beginning of the test as
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Figure 2. A plane view of trajectories of SKG-2, HDR-1,
HDR-2, and HDR-3 wells.
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shown in Figure 3. The recovery rate of imjecied water from the
production wclls reached almost 80 percent just afier the filling up
operation of the reservoir. Although the recovery from HDR-3
decreases to the same level as HDR-2 at the end of the test, the
production from HDR-3 coniributes greatly not only at the early stage
but also throughout the circulation test. Fallowing the single well
productions, a stable production was attained from the three wells
from September 23 and was continued to the end of test. Since the
production each from HDR-2 and HDR-3 was twice as high as that
from HDR-1, fractures from SKG-2 to HDR-2 and HDR-3 were
thought to bc more permeable than those to HDR-1.

250, ——

200 —
o IE |
(U 1
5 B
5 il
b
L
i W
. |

Elapsed Time , days

Figure 3. Temperature histories of produced fluid at each wellhead

During the circulation test, PTS logs werc run every week in the three
production wells and profilcs of pressure, temperature, and spintier
obtain were obtained along the wellbores (Miyairi et al., 1992].
Sixteen fecd zones; six in HDR-1, five both in HDR-2 and HIIR-3,
were confirmed from temperature profiles in Figure 4. Producticr flow
rate of each feed zone could be calculated from spinner data, cxcept
the Zones in HDR-1 where no spinner data was obtained as a cemented
liner set in the openhole section. As we can find from large
temperature changes in Figure 4, zone 3 and 4 in HDK-2, and zone 3
in HDR-3 produced a large part of the fractional flaws in both weils.
The amount of flow praduced from zone 3 at a depth of 1,754 m was

Figure 4. Temperature profiles of production wells
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about 70 % ofthe total flow in HDR-3. Those from zone 3 and zone 4
in WR-2 were around 30 % and 35 %, respectively. Flow rate change
at about 45 days aher the circulation started indicates that flow regime
in the fracture was affected by the single wcll production in HDR-3,

3. FLUID SAMPLING DURING TRACER EXPERIMENTS

Six tracer experiments were conductcd during the circulation test
[Maisunaga el al., 1992). The first tracer experiment was conducted
on August 19,just after the sccond high-rate injection, to confirm an
initial flow condition in the reservoir. Three tests were performed
during each single well production stage to obtain flow conditions
between the paired well. After the single well production stage, stable
production from the threc wells was conducted in the later half of the
circulation test. During that time, two tracer tests were conducted on
October 2 and October 31 to characterize a flow regime in the stable
condition and change of reservoir behavior with lime.

In every tracer test, two kinds of inert tracer were used among
potassium iodine, potassium bromide, sodium tungsiaie, and
ammonium molybdate. Several kilograms of the tracer reagents were
dissolved in water at a 1 m® tank and then tracer solution was injected
in SKG-2 by switching a suction line i~ injection pumps as shown in
Figure 5. Produced fluid was collected at each wellhead under the
condition of high temperaturc and above bailing pressures, hencc
single phase fluid samples were obtained. Fluid samples svere coaled
down by water and then filtered through a 0.45 wm membrane.
Elcctrical conductivity and pH were determined on site. Tracer and
major dissolved species were analyzed in the chemistry laboratory at
Tsukuba by ion chromatography (Cl, SOy4, Br, I, Na, K, Ca), titration
with Hp8O4 (HCO4), and ICP (Si, Na, K, Ca, Mg, I).
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Figure 5. Schematic diagram of surface system for the circulation
lest. Solid circles show sampling points of {luid.

After tlic fihh tracer experiment, we recognized that the concentration
of dissolved species in the injected fluid changed cyclically by make-
up water supply. So, during the sixth tracer cxperiment, we sampled
the injected fluid every 20 minute lor 4 hours and checked the change
of concentration.

Figure 6 shows tracer breakthrough curves lor the three production
wells observed at the 6th tracer cxperiment. These curves suggest that
the connection from SKG-2 to the three production wells have
different breakthrough time. By subtracting travel timc of the tracer in
both the imjeciron and production wells, we may obtain tracer
residence time in flow paths betwecn well SKG-2 and the three
production wells. The residence time is 6.7 hours for HDR-1, 2.6
hours for HDDR-2, and 1.8 hours for HDR-3. From this resut and also
by the comparison of the response curves, we recognize that the
fracture connections to HDR-2 and HDR-3 were more dominant than
these 1o HDR-1,

4. GEOCHEMISTRY O F CIRCULATION FLUID

Figure 7 shows chlorine concentration curves of the injecied and
produced fluid. I11 the figure, relative time of 0 is adjusied to be time of
tracer injected for the injected fluid and time of tracer peak arrival for
the produced fluids. Thercfore, we can compare the concentration of
Same fluid that was sampled at boih the inlet and outlet of the HDR
reservoir. The Cl concentration of the injected fluid was changed
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Figure 6. Tracer breakthrough curves at each prnduction wellhead.

cyclically. because of the periodical addition ofthe make-up water at a
450 m? storage pond. On the other hand, the CI concentration of each
production fluid increased and tended to be constant.

Other anions, SO, and HCO,, show generally the same bchavior,
although there is some difference such as the HDR-2 fluid has the
highest SO, concentration and HDR-I has the highest concentration
of HCO,.

Figure 8 shows Na concentration of the injecied and produced fluid.
General trends of the curves are also same as that of the CI
concentration curves. Although potassium concentration of each fluid
is about one-tcnth the vrder of Na, K concentration curves hare the
same trend of those of Na. Calcium concentration curve is much
different from thosc of Na and K, as shown in Figure Y. Ca
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Figurc 7. Cl concentrations of injected and produced fluids.
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Figure 8. Na concentrations of injected and produced fluids.
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Figure 9. Ca concentrations of injected and produced fluids.

concentration of HDXR.-1 fluid decreased fo about half the concentration
of the injected fluid. On the other hand, HDR-2 concentration
increased fo about twice the injected fluid. In the injected fluid,
magnesium, which is a divalent cation as is Ca, is detccted at a level of
2 mg/} in the injected fluid. However, no Mg is detected in fluids from
HDR-1and HDR-3 and only trace of Mg is recognized in HDR-2 fluid.

Silica concentration of bath injectcd and produced fluid is sham in
Figurc 10. Although an average Si concentration of 185 mg/1 in the
injccted fluid was already higher than that expected from silica
solubility at fluid temperature in the production wells, Si cencentration
increased remarkably in all produced fluids.
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Figure 10. 5i0, concentrations of injected and produccd fluids.

5. SOURCES OF DISSOLVED SPECIES

As mentioned by many authors[Grigsby et al., 1983; Edmunds et al.,
1985; Robinson et al., 1987; Pauwels et al., 1992; Kiho and Ohsumi,
1992], the chemical composition of the fluids sampled at the wellheads
is controlled by chemical reactions between fluids and rocks and
displacement and mining of formation fluid with injected fluid. As
mentioned in the previous section, the concentrations of all dissolved
species, except Ca, increased and tend to be constant in the produced
fluid. Because it is indicated from laboratory dissolution experiments
that C1 content in the Hijiori granodiorite is very low, and Cl behaves
as a conscrvative species, the increase of Cl concentration in the
produced fluid is only explained by mixing with indigenous fluid of
high CI concentration. However, even if miring with a singlc source
of indigenous fluid would have occurred, there should be other reason
to explain the constant Cl concentration in the produced fluid. As
mentioned in section 2, Several fced zones were detected by the PTS
logging in the production wells[Mivairi et al., 1992} Therefore, the
constant C| concentration of the praduccd fluid from each well could
be explained by mixing of fluids, which followed several paths and
have diffcrent breakthrough times and concentrations.

The Na/Cl plots for fluid samples are show, in Figure 11. Plots of the
injected fluid are on a mixing line between fresh make-up water and
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Figure 11. Na versus C| far fluid samples during
the sixth tracer test.

average concentration of the produced fluid from the threc production
wells. Kiho and Ohsumif1992] described that the mixing was the
major process causing the changes in the chemical composition of the
produced fluid in the three-month circulation test at Hijiori. However,
as shown in Figure 11,the plats af the produced fluid from HDR.-1,
HDR-2, and HDR-3 clustered i different areas and not on a simple
mixing linc. Therefore, water-rack interactions between the injecicd
fluid and reservoir rocks should occur during a short residence time in
the reservoir. Since the Na/Cl molar ratio of the produced fluid is
about 1.0at the beginning stage of the circulation fest and both species
consist the major part (over 90 mol %) of dissolved species, departure
from the Na/Cl mining line from the average composition of the
injected fluid, as shown in Figure 11, means that cumulative effect of
the water-rock interaction which took place during the circulation test.

Since C] concentration in the circulated fluid bxehaves as conservative
species, normalized concentration of C! in the produced fluid by the
injected Ouid, Clyog/Cligj, indicates a degree of mixed formation fluid.
Therefore, the ratio of normalized concentration of dissolved species
to that of Cl, [Cpmd/ij]/{Clpmd/Clmj], might be useful fo cvaluate the
effect of water-rock interactions. Figurc 12 shows this ratio for major
dissolved species in the produced fluids. Even though there are same
error from analytical accuracy, Ca of the produccd fluid of HDR-2 is
remarkably higher than that of the others; 5i0, of HDR-I fluid and
SO, of HDR-Z are also slightly higher than those of the others. On the
other hand, Ca in HDR-1 fluid is clearly decreased. In cores obtained
from HDR-1, HDR-2, and HDR-3, calcite and anhydrife are frequently
observed in parts of extensional fractures. Hence, calcite and anhydrife
are thought 1o be main source of Ca and SO, in the produced fluids.
Shigeno et &).[1993) conducted specification-sotubility calculations by
using geochemisiry data of the circulation test. The result of their
calculation indicated that anhydrite was in the undersaturated
condition if fluid temperaturc was below 170°C and calcite was in the
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Figure 12. Normalized concentration of dissolved species to
CI concentration.
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saturated condition at all temperature range. Measured fluid
tecmpcratures at the wellhead of HDR-1, HDR-2, and HDR-3 were 186,
147, and 167 °C, respectively[Miyairi et al,, 1992]. These results
suggest that increasing of Ca and SO, in HDR-2 fluid was caused by
anhydrite dissolution and decreasing of Ca in HDR-I fluid occurred by
anhydrite and/or calcite deposition.

Quartz, Na-K, and Na-K-Ca geothermomelers[Fournier, 1977,
Fournier and Truesdell, 1973] were applicd to estimate the reservoir
temperatures. Temperatures of the three geothermomcters and
measured downholetemperatures arc compared in Table 1.

Table 1. Geothermometer temperatures and measured temperatures at
the end of the circulation test

SKG-2 HDR-1 HDR-2 HDR-3
Tar oC 175 211 182 192
Thax  oC 244 250 245 243
Tk oC 199 220 197 0L
Trmcasused °C - 186 147 167

Results in Table [ indicate all of the geothermometers predict higher
temperatures than measured temperatures. Na-K geothermometer
shows the highest temperatures around 245 «C. This temperature value
is very close to original rock temperaturc of the reservoir fegion.
Therefore, Na/K ratio in the circulate fluids seemis to be kept in the
original state and re-equilibrium reaction of these species in fluids
might 1o be very slow. Quariz and Nu4-K-Ca geothermometers show
lower temperature than the Na-K gecthermometer and  thosc
temperatures scerm to relate the measured temperatures. As discussed
above, Ca and Si0, reacted in the reservoir, even though the
circulation period was very short, and changed concentrations in the
produced fluid.  These chemical changes scem 1o cause the
temperature changes of two geothermomeiers.

6. CONCLUSION

The analyiical results of the injected and produced fluid sampled
during the tracer cxperiment show that two proccsscs, mining of
injected water and formation fluid and water-rock interactions,
occurred in the reservoir. Although the breakthrough lime in each
flow path is less than 7 hours, concentrations of dissolved spccies
increased in the produced fluid by thesc processes. Difference.; in tlic
produced fluid chemistry suggest the reservoir conditions, especially
temperature, in each flaw path were differed from each other, Further
study is required to reveal the process of water-rock interactions.

ACKNOWLEDGMENTS

The three-month circulation test was conducted by New Encrgy and
Industrial Technology Development Organization under the auspices
ofthc Sunshine Projcct Promotion Office of MITI. We thank Maketo
Miyairi of JWEX Co. for giving us the PTS lag data.

REFERENCES

Edmunds, WM., Kay, R.L.F., and Mc¢Cariney, R.A. (1885). Origin
of saline groundwaters in the Carnmenellis granite: natural processes
and reaction during hot dry rock reservoir circulation. Chem, Geol., 49,
287301,

Fournier, R.0.(1877). Chemical geothermometess and mixing models
for gcothermal systems. Geoihermics, 5, 41-50.

Fournier, R.O. and Trucsdell, AH.(1973). An empirical Na-K-Cs
geothermometer for natural water. Geochim. Caosmochim. Acta, 37,
515-525.

Grigsby, C.O., Tester, J.W., Trujillo, P.E., Counce, D.A., Abbott, 1.,
Holey, C.E., and BElatz, L.A. (1983). Rock-water interactions in hot
dry rock geothermal systcms: field investigations of #r-situ
guochemical behavior. J. Folc. Geoth, Res., 15, 101-136.

Grigsby, C.O., Tester, J.W., Trujillo, P.E., Counce, D.A. (1989).
Rock-water interactions in the Fenton Hill, New Mexico, hat dry rock
geothermal systems l. Fluid mixing and chemical geothermometry.
Geothermics, 18, 629456.

Kiho, K. and Ohsumi, T. (1992). 90 day circulation test of the Hijiori
HDR reservoir, Japan: Including a geochemical survey to estimate the




fluid behavior and reservoir volume. Geothermal Resource. Council
Trans., 16,501-505.

Matsunaga, 1., Miyazaki A., and Kohayashi H. {1992). Estimation of
Hat Dry Rock reservoir behavior by tracer experiments during a
circulation test, Proc. Sympo. on Forced Extraction System of
Geothermal Energy, Tokyo, 83-88.

Matsunaga, [. and Yamaguchi, T. (1992). A three-month circulation
test at the Hot Dry Rock lest site in Hijiori, Japan. Geothermal
Resource. Council Bull., 21, 162-166.

McCartney, R.A. (1987). Hot dry rock geothermal systems:
geochemical applications of transient field experiments. Georhermics,
16,419428.

McCariney, R. A. (1989). Geochemistry results. In Hot Dry Rock
Geothermal Energy, Phase 2B Final Report of the Camborne School
of Mines Project ,RH. Parker (Ed),, Vol. 2. Pergamon Press, pp.943-
1036.

Miyairi, M., Sorimachi, M., and Ohsaki, Y. (1992). Quantitative

Matsunaga et al.

analysis of multi-feed zones with PTS combination log, Proc. 1992
Sympo., Georhermal Res. Soc. of Japan.
Pauwels, H., Fouillac, C., and Criaud, A. (1992). Water-rock
interactions during experiments within the gzothermal Hot Dry Rock
borehole GPKI, Souliz-sous-Foréts, Alsace, France, Applied
Geochemistry, T,243-255.
Robinson, B.A. , Aguilar, R.G., Kanaori, Y., Tryjillo, P., Counce,
D., Birdsell, S. A., Matsunaga, I. (1987). Geochemistry and tracer
behavior during a thirty day flow test of the Fenton Hill HDR reservoir.
Proc. 12th Workshopon Geothermal Reservoir Eng., 163-172.
Shigeno, H., Takahashi, M., Noda, T., and Matsunaga, 1. (1993). Gas
compositions of production fluids in Hijiori Hot Dry Rock circulation
tests (1989 and 1991), and thcir indications. Abst. 1993 Annual
Meeting GGeotherm. Research Soc. Japan, Al6.
Yamaguchi, T., Hiwaki, N., Ahe, T., and Oikawa, Y. (1992). 90-day
circulation test at Hijiori HDR test site. Georhermal Resource. Cotincil
Trans., 16.

2683




