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Abstract: This paper defines the maximum possible vertical extent of hydrothermal 

circulation in granitic crust, and thus the maximum depth within which geothermal 

reservoirs can be encountered. To evaluate prospective geothermal fields we constructed a 

geothermal database in northern Honshu, Japan that includes 571 points of thermal data of 

existing wells and hot springs. Depth-temperature curves were normalized by the Activity 

Index for three-dimensional extrapolation and a depth contour map of the 380 °C isotherm 

was plotted as an assumed brittle-plastic transition for granitic crust. Shallower-depth 

anomalies of the brittle-plastic transition on this map are closely coincident with the 

Quaternary volcanoes and their prospective geothermal fields. It should be noted that the 

bottom of the spatial distribution of seismicity in the volcanic fields shows strong 

correlation to the 380 °C isotherm. This result indicates reliability of the subsurface  

three-dimensional thermal map and suggests that the 380 °C isotherm strongly constrains 

the bottom surface of seismicity, fracturing and hydrothermal convection in granitic crust. 
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1. Introduction 

Since the unprecedented disastrous Great East Japan Earthquake at 11 March 2011, geothermal 

energy is being re-evaluated as a more crucial energy resource, not only as green energy, but also as 

indigenous energy in northern Japan. When compared to other renewable energy sources, the main 

strength of geothermal energy among the variety of renewable energy sources is that it can be 

produced stably in all weather conditions, whereas its main weakness is that it uses invisible 

underground resources prolonging development lead time as well as increasing the initial investment 

risks and costs. In order to explore subsurface geothermal resources, geological, geochemical and 

geophysical exploration techniques have been developed, but one of the efforts that should be done is 

the estimation of subsurface thermal structure from thermal data such as existing wells and hot springs. 

Fortunately 27,219 hot spring sources are distributed all over Japan [1], and numerous hot springs 

are concentrated in Aomori Prefecture, a northern end of Honshu Island, Japan (Figure 1). Most of 

these Japanese hot springs are artificially developed by shallow wells. We constructed a geothermal 

database in Aomori Prefecture that includes available information on geothermal exploratory wells, hot 

spring wells, and natural hot springs. 

Figure 1. Map showing the location of the Aomori Prefecture, a northern end of Honshu 

Island, Japan. Red triangles show the main Quaternary volcanoes and calderas. 

 

The neighboring Iwate Prefecture and Akita Prefecture have three installed geothermal power plant 

units, respectively, including the oldest Matsukawa plant in Japan that has been working for an almost half 

century since 1966, but unfortunately no geothermal power plants have been developed in Aomori 

Prefecture so far. The geothermal database we have set up, will assist geothermal development in Aomori 

Prefecture before detailed geothermal exploration surveys are carried out in individual geothermal fields. 

The geothermal database can be applied to draw a variety of subsurface thermal structures. As the 

spatial density of the point data is still relatively limited, it will be adequate to apply the data to a broad 

but fundamental structure. One of the objectives would be to map the depth of the brittle-plastic 

transition because it is synonymous with the bottom of the permeability and comprises the broadest as 

well as most fundamental structure delineating a bottom of the entire hydrothermal convection sphere. 
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This paper describes a geothermal database in Aomori Prefecture and draws a map of the depth of 

the brittle-plastic transition based on some depth-temperature normalization techniques that allow 

three-dimensional extrapolation in up-flow zones. Then, this map of the depth of the brittle-plastic 

transition is verified by the bottom of seismicity which is far independent destruction phenomena from 

the thermal structure concerned. We used the Generic Mapping Tools 4.5.9 for drawing most of 

figures in this paper [2]. 

2. Geothermal Database 

Our geothermal database consists of 35 points of geothermal exploratory well data, 510 points of 

hot spring well data and 26 points of natural hot spring data. Our geothermal database was based on 

two main data sources, both of which are open to the public. One is “Record of Hot Spring Geology in 

Aomori Prefecture” published by the Department of Health and Welfare, Aomori Prefectural Office in 

1997 [3]. The other is “Atlas of Hydrothermal Systems in Japan” published from the Geological Survey 

of Japan, the National Institute of Advanced Industrial Science and Technology (AIST) in 2007 [4]. 

The “Record of Hot Spring Geology in Aomori Prefecture” describes 434 points of hot spring data 

in Aomori Prefecture by their locations, well depths, discharge temperatures, discharge rates, major 

chemical constituents and geological columns along the wells. Among them 26 hot springs are natural 

hot springs with no artificial drilling. We used the 26 points of natural hot spring data and  

395 points of hot spring data developed by wells of which both the well depth and discharge 

temperature are known. We digitized all the paper-based data from the report. 

The “Atlas of Hydrothermal Systems in Japan” describes 7203 points of hot spring data and 3066 

well data points from all over Japan for drawing a variety of geothermal maps. We used 115 points of 

hot spring data and 35 points of geothermal exploratory well data from Aomori Prefecture. They were 

also originally paper-based data, but a digital-version on CD-ROM was published later [5]. 

3. Estimate of Subsurface Geothermal Structure 

Determining accurate subsurface three-dimensional thermal structure is one of the ultimate goals on 

geothermal exploration. However, depth-temperature curves obtained by temperature logging in 

geothermal wells show usually complicated patterns due to the permeability variation of given 

geological formations with depth and three-dimensional geothermal structure that cannot easily be 

acquired. Then, normalization techniques for depth-temperature curves are necessary. One of the 

normalization techniques is the Activity Index originally proposed for evaluating temperature ranks of 

geothermal fields by Hayashi [6]. 

Geothermal exploration mainly concerns up-flow zones of the hydrothermal convection system 

rather than down-flow zones. The highest temperature curves in up-flow zones are normally limited by 

the boiling point temperature curve [7]. The lowest temperature curves are normally limited by the 

linear thermal conduction curve with an average continental geothermal gradient 30 °C/km. The 

Activity Index (AI) is defined by the following equation: ܫܣ = ܾܽ × 100 = ൬1 − ܾܶ − ܾܶ݉ܶ − ܶ݃൰ × 100 (1)
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where Tm is the maximum temperature at the observed depth, Tb is the boiling point temperature curve 

of pure water at the observed depth, and Tg is an average geothermal gradient (30 °C/km) at the 

observed depth. In addition, a and b show the Tm − Tg and Tb − Tg respectively. The concept of the 

Activity Index is graphically represented (Figure 2). 

Figure 2. A concept of the Activity Index. Six solid curves show AI = 0, AI = 20, AI = 40, 

AI = 60, AI = 80 and AI = 100, respectively. Red circles show 571 points of thermal data in 

Aomori Prefecture. 

 

The AI 100 curve exactly coincides with the boiling point temperature curve of pure water and is 

here calculated in the approximation equation by Haas [7]. When the Activity Index can be determined 

at a given depth, we can extrapolate the normalized temperature curve to the arbitrary depth using the 

Equation (1) [6]. Therefore, we can easily plot the subsurface three-dimensional thermal structure by 

this normalization technique. When the temperature logging data are available, the borehole 

temperature is used as Tm at the given depth. However, only discharge temperature is available on 

most of hot spring wells. Tm was approximated by the discharge temperature on these hot springs. It is 

convenient that the discharge temperature in Celsius degree of natural hot springs at the ground surface 

can be adopted as the same numbers of AI as discussed by Hayashi [6]. As natural hot springs 

represent the surface manifestation of a hydrothermal up-flow, their temperatures tend to form a cluster 

around 100 °C. However, natural hot springs are only 26 pieces among the entire 536 hot springs in 

this database and no biases are found in the normalization by the Activity Index. Chemical 

geothermometry is useful to estimate reservoir temperatures, but we did not use the method because it 

does not provide the depth information. As a result, we can use 571 point data for AI mapping in 

Aomori Prefecture (Figure 2). 

Pure water reaches a critical point temperature near the depth of 3500 m. However, the critical point 

of water dramatically shifts to the higher temperature with increasing salinity in the natural brine 

system so that we simply extrapolated the AI curves to the depth of 15 km. Then, we can plot the 

subsurface three-dimensional thermal structure of upper crust in Aomori Prefecture. 
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We here try to plot the brittle-plastic transition which is critically important to delineate the bottom 

surface of hydrothermal convection, particularly to extract the shallower apices of the isothermal 

surface associated with high-level magmatic intrusions. Deformed rocks within fault zones indicate 

that the transition from purely brittle to purely plastic deformation processes may occur over a 

relatively broad range of temperature and pressure [8]. This range is often denoted as a semi-brittle 

region between the brittle-ductile transition (BDT) and the brittle-plastic transition (BPT) [9]. For 

quartz and feldspar rich rocks in continental crust this range occurs at an approximate temperature in 

the range from 250 to 400 °C. 

The temperature of the in-situ brittle-plastic transition in an actual borehole was too high to be 

measured by the conventional temperature logging tools but it was successfully measured by a variety 

of techniques in the well WD-1a which was drilled into the depth of 3729 m in the Kakkonda 

geothermal field, Iwate Prefecture, northern Japan in 1995 [10]. The bottom-hole temperature 

exceeded 500 °C (Figure 3) [10,11]. The temperature profile includes a temperature inflection point at 

380 °C and at the depth of 3100 m where a boiling point curve above the depth shows a hydrothermal 

convection zone and a steep gradient thermal conduction curve below the depth shows a non-fracture 

and non-hydrothermal convection zones [10,11]. The temperature inflection point at 380 °C is thus 

considered to be the brittle-plastic transition (BPT) on granitic crust [12] (Figure 3). On the other hand, 

the maximum strength zone was estimated at the temperature 340 °C and at the depth of 2000 m by the 

high density of fractures, measurements of the differential strain curve analysis (DSCA) [13] on 

oriented cores and the theory of the strength envelope of lithosphere [12]. This maximum strength 

zone can be denoted as the brittle-ductile transition (BDT; Figure 3). The brittle-ductile transition 

(BDT) is important for a nest of earthquakes and fractures because of the preferred stress concentration 

on the maximum strength zone [12]. From a geothermal point of view, the brittle-plastic transition 

(BPT) is crucial because it is a bottom surface of seismicity, fracturing and hydrothermal convection. 

Figure 3. Synoptic models of the brittle-plastic transition (BPT) and the brittle-ductile 

transition (BDT). (a) Depth-temperature profile along the well WD-1a at the Kakkonda 

geothermal field, Iwate, Japan [10,11]. (b) Depth-strength envelope along the well WD-1a 

at the Kakkonda geothermal field, Iwate, Japan [12]. λ shows pore pressure. 

 
(a) (b) 
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Thus, the most reliable temperature of the brittle-plastic transition is 380 °C on granitic crust [10–12], 

and we tried to draw the depth of the 380 °C isothermal surface from the Activity Index. Figure 4 

shows the calculated results of the assumed brittle-plastic transition. Most of the depth of the  

brittle-plastic transition showed deeper than 12 km below sea level. However, the prominent shallow 

depth anomalies coincide with the Quaternary clustered volcanoes such as Hiuchi-dake and Osore-zan 

in the Shimokita Peninsula to the north and Hakkoda-san to the south. The map is consistent with 

known prospective geothermal fields. 

Figure 4. Map of the depth of the 380 °C isotherm below sea level as a brittle-plastic 

transition in Aomori Prefecture, Japan. Solid dots show 571 points of thermal data in 

Aomori Prefecture. 

 

4. Discussion: Verification by Seismicity 

Shallow-depth anomalies of the 380 °C isotherm are exactly consistent with the areas of the 

Quaternary volcanoes and their prospective geothermal fields (Figures 1 and 4). The shallowest apex is 

observed at a depth about 5 km in the Hakkoda-san clustered volcano area that seems not necessarily 

shallow as a magmatic heat source region. It is due to the regional-scale smooth contouring from the 

scarce random point data and 0.2 min (about 370 m) gridding. The map would provide the subsurface 
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three-dimensional thermal structure and seems useful for subsurface geothermal assessments. 

However, further verification would be expected from a scientific point of view. To verify the 

reliability of the subsurface three-dimensional thermal structure on this map seismicity is useful 

because the seismic phenomenon is primarily independent from thermal phenomena. 

We used the earthquake catalog provided by the Japan Meteorological Agency (JMA) [14]. The 

JMA earthquake data were collected in Aomori Prefecture during the period from January 1990 to July 

2012. As these data include deep subduction zone earthquakes, we selected earthquake data with their 

epicenters to be shallower than the depth of 20 km. To verify the reliability of the map (Figure 4), the 

spatial distribution of the earthquakes is compared with the thermal structure (Figure 5). The thermal 

point data such as wells and hot springs are restricted on the land areas. Therefore, we selected 

earthquake data on the land area too. 

Figure 5. Comparison between the 380 °C isotherms and seismicity on cross sections.  

(a) Hakkoda volcano area; the upper shows the east-west cross section and the lower shows 

the north-south cross section (Figure 4); (b) Shimokita Peninsula area; the upper shows the 

east-west cross section and the lower shows the north-south cross section (Figure 4). Red 

triangles show the main Quaternary volcanoes and calderas. Solid lines show the 380 °C 

isotherm and open circles show epicenters of earthquakes enlarging the diameter with 

magnitude during January 1990 to July 2012. 

  

Figure 5 shows the estimated 380 °C isotherm produced from the Activity Index. Hakkoda volcano 

area and Shimokita Peninsula area show the prominent anomalies that are characterized by the 

dramatically shallower depth of the brittle-plastic transition than other areas. The bottom of the spatial 

distribution of seismicity shows the strong correlation to the 380 °C isotherm. This result indicates that 
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the subsurface three-dimensional thermal map in Figure 4 is basically reliable. This result also suggests 

that the 380 °C isotherm strongly correlates to the bottom surface of seismicity, fracturing and 

hydrothermal convection. Geothermal database and the Activity Index are useful to draw the 

subsurface three-dimensional thermal structure. 

5. Conclusions 

Based on the geothermal database for available thermal data such as wells and hot springs in 

Aomori Prefecture, northern Honshu, Japan, depth-temperature curves were normalized by the 

Activity Index for three-dimensional extrapolation and a depth contour map of the 380 °C isotherm 

was plotted as an assumed brittle-plastic transition for granitic crust. Shallower-depth anomalies of the 

brittle-plastic transition on this map are closely coincident with the Quaternary volcanoes and their 

prospective geothermal fields. It should be noted that the bottom of the spatial distribution of 

seismicity in the volcanic fields shows strong correlation to the 380 °C isotherm. This result indicates 

reliability of the subsurface three-dimensional thermal map and suggests that the 380 °C isotherm 

strongly constrains the bottom surface of seismicity, fracturing and hydrothermal convection in 

granitic crust. 
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